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SUMMARY
The Development of Microstructure in Carbon Fibres
This work concentrates upon the development 
of microstructure in carbon fibres during the oxidation 
and subsequent pyrolysis of polyacrylonitrile precursors. 
X-ray diffraction, both high and low angle, and mechani­
cal testing were used to characterize the structures 
at all stages of fibre production.
A meridional scattering peak in the low- 
angle x-ray diffraction pattern of partially oxidised 
fibres indicated a long range periodicity of around 
10 nm. Further experimentation showed this to be 
a transient effect caused by selective oxidation of 
the surface layers. •
Low angle x-rays scattering was also used to 
study the micropores present in the fibres. The dia­
meter of the micropores decreases (luring oxidation of 
the precursor, reaching a constant value after a mini­
mum of 5 hours at 220°C. During pyrolysis, the micro- 
pore diameter decreases gradually as the temperature 
increases, except at 500°C and 700°C where there is a 
temporary pore size increase. The mechanism responsible 
for the pore size variations is outlined and related 
to the chemical degradations occurring over the tempera­
ture range. The micropore cross-section is shown to 
be rounded below 900°C and angular above.
From wide-angle x-ray diffraction crystallite 
dimensions and preferred orientation angles are cal­
culated. The results indicate the establishment of 
a ribbon-like structure during oxidation. This ribbon 
structure of narrow carbon layer undergoes gradual 
improvement during pyrolysis ... Above 1900°C there is 
a marked increase in the rate of microstructural 
rearrangements.
The mechanical properties of the fibres are 
linked to the microstructural developments and the 
possible effects of a sheath -core structure upon the 
mechanical behaviour of fibres is examined quantitatively. 
This and other evidence suggests that a thin - highly 
orientated sheath of material surrounds each fibre from 
the start of oxidation.
Finally the experimental results are dis­
cussed, in the light of current knowledge, to produce, 
an overall picture of the development of microstructure 
in carbon fibres.
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THE STUDY OF CARBON FIBRES
1. LITERATURE REVIEW
1.1. INTRODUCTION
The initial development of carbon fibres of 
high modulus and strength took place during the "white 
hot" technological age of the early sixties; the first 
successful work being carried out by Watt, Johnson and 
Phillips (1) at R.A.E., Famborough, in this country 
and in America by Bacon and Tang (2). The background 
to the research at R.A.E. is described by Watt and 
Johnson (3) and by Gunston (4).
At the time the work was started the aero­
space industry was advancing rapidly and creating a 
demand for very strong but lightweight materials. 
Theoretical considerations (7) suggested that small atomic 
size and high bond energy are necessary for materials 
of high mechanical properties and low density. Carbon, 
along with Beryllium and Boron, satisfied these con­
ditions; Watt (3) quotes a theoretical modulus for the 
basal plane of the hexagonal unit cell of graphite of 
1000 GN/m and the strength in the same plane is cal­
culated by Williams et al (8) to be 180 GN/m2. However, 
the graphite structure is highly anistropic, the high 
mechanical properties only being present in the basal 
plane where the close, packing and the covalent bonding 
of the carbon atoms exists. Thus in order to utilise 
the desirable properties of carbon a method of producing 
highly aligned graphite was required. Short whiskers 
of carbon produced in electric arcs, which structurally 
consist of rolled up graphite basal planes had shown 
tensile modulus and strength of 700 GN/m2 and 19.6 GN/m2’ 
respectively (8) (62). Hence the theoretical predic­
tions were fulfilled but practical application of very 
short whiskers was not commercially feasible for several
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reasons. The two major obstacles to the manufacture 
of whisker reinforced composites were that the length 
of the whiskers was too short for optimum stress trans­
fer from the matrix to the fibre and that accurate 
control of whisker alignment, which is necessary to 
utilise fully the anisotropic properties of the 
whiskers, proved technically difficult.
Although concurrently several research teams 
started experimenting with the controlled pyrolysis of 
polymeric fibres with a view to producing longer carbon 
filaments, Shindo (9) in Japan and the R.A.E. team in­
vestigated the use of a polyacrylonitrile precursor and 
Bacon and Tang worked on rayon based fibres. Although
Shindo and R.A.E. used the same precursor the R.A.E.
2.fibres gave much higher moduli (up to 426 GN/m ). The 
essential difference between the two preparation tech­
niques occurs during the initial air oxidation treatment 
at a temperature between 200°C and 250°c. Normally 
drawn fibres like P.A.N. shrink considerably once they 
are heated above their glass transition temperature Tg 
and lose their preferred orientation. In the R.A.E. 
process the fibres are wound on frames during oxidation 
which prevents this shrinkage occurring and appears to 
retain part of the preferred orientation and so leads to 
higher moduli and strengths in the finished carbon fibres. 
After oxidation the fibres are slowly heated to at least 
1500°C - up to 1000°C carbonisation occurs, i.e. most 
other constituent elements of the fibre apart from carbon 
are removed by pyrolysis from the fibr.es. The final
H.T.T. may be as high as 3000°K depending upon the com­
bination of modulus and strength required, e.g. at 1500°C
H.T.T. the modulus is 230 GN/m and the strength is 
3*3 GN/m^ while at 26Q0°C the modulus is 420 GN/m^ and .
p
the strength is 2.4 GN/m .
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To achieve comparable mechanical properties 
the rayon-based fibres required hot stretching (above 
1500°C) - increasing their production cost. Other 
precursors have been tried, including poly vinyl 
alcohol (10), aromatic polyamide (11), acrilan (12), 
vinylidene chloride/vinyl chloride co-polymer (Saran)
(13), spun pitch (14)(15)(16) and phenolic resins (16) 
but fibres from polyacrylonitrile (P.A.N.) and rayon 
have remained the most commercially and academically 
significant.
Comparing carbon fibres with other fibres 
used for reinforcement in composite materials shows 
their desirable combination of high strength and high 
modulus with low density (figure 1.1). Glass fibres 
have similar strengths but are one sixth as stiff.
Tungsten wires have similar strength and modulus values 
but they are ten times as dense as carbon fibres.
This combination of low weight and high strength 
and modulus makes carbon fibres suitable for many applica­
tions. They are usually fabricated in a polymer resin 
matrix using techniques borrowed or developed from 
those used in glass-reinforcement technology. Fields 
where the use of carbon fibres is being investigated 
include aerospace, hydrospace, bearings, rotational 
ports, electric cables, prostheses, marine parts and 
sports goods. The lack of a suitable high temperature 
support matrix material has prevented the refractory use 
of carbon fibres. In addition, the high cost and the 
low impact resistance of carbon fibre composites is 
hindering the development of a more general use of carbon 
fibres. 4
1# 2 THE PRECURSOR
In all carbons produced by pyrolysis the pre- . 
cursor has a major effect upon the properties of the 
resulting carbon. Shindo (9) states that for carbon
CN
Fig. 1. 2 . Monomer repeat unit.
*
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fibre'production, polymers in which the carbon residue 
produced on pyrolysis maintains the original shape of 
the fibres used are necessary. This means that poly­
mers which undergo chain condensation, not chain scis­
sion, during pyrolysis and give a high carbon yield 
must be used. Shindo goes on to say that polyacry- 
lonitrile (P.A.N.) was chosen for his work because it has 
a high theoretical melting point, thermal degradation 
starting at a lower temperature. The workers at EA.E. 
used P.A.N. for the same reason and also because it was 
available in a suitable form commercially, as Courtelle, 
a multifilament tow (3). Courtelle is not pure P.A.N. 
but it is polymerised with small additions of methyl 
methacrylate and another vinyl monomer. Hence there 
are slight differences between the properties of P.A.N. 
homopolymer and Courtelle co-polymer which may affect 
the pyrolysis and hence the final carbon fibre proper­
ties. (Henceforth, P.A.N. will be used to refer to 
polyacrylonitrile in general and the terms Courtelle 
or P.A.N. homopolymer will be used to indicate the 
specific case).
The free - radical polymerisation process 
for the commercial production of P.A.N. results in an 
atactic polymer (1) (11). The repeat unit is shown in 
figure 1.2.
The highly polar C = N group produces high 
steric and intra-molecular repulsions which give rise 
to a stiff, twisted backbone configuration of the poly­
mer chain. These stiff molecular chains pack together 
like rigid rods in a lattice array - resulting in lateral 
ordering between chains but giving no ordering in the 
longitudinal direction. In drawn fibres the chains are 
aligned along the fibre axis as shown by Bohn, Schaefgen 
and Station (18).
5 -
They used x-ray, infra-red, birefringence and dila- 
tometry evidence to support a model for P.A.N. in which 
the chains are kinked in a random manner to give effec­
tively a symmetrical rigid rod of approximately 0.6 nm 
diameter. These rods are packed together and show only 
the two dimensional order mentioned above. The proper­
ties of such a laterally ordered polymer should lie 
somewhere between truly crystalline polymers and wholly 
amorphous polymers. However in P.A.N. the presence of 
the C =  N cyanide group causes such large steric hinder- 
ances and dipole repulsions that flexing and rotation 
of the polymer chain becomes restricted* and the proper­
ties of drawn P.A.N. fibres approach those of drawn 
fibres of highly crystalline polymers, e.g. tenacity 
at break of Nylon 66 is 4.1 g/denier, polyethylene tere- 
phthalate (staple) 2.3 g/denier and polyacrylonitrile
1.9 g/denier.
The lack of any non-equatorial x-ray diffrac­
tion was considered to be a result of the fibrous form 
of P.A.N. in the early studies of its crystallographic 
structure. Hence Stefani et al (19) (20) were able to 
assign an orthorhombic unit cell to P.A.N. but work by 
Holland et al (21) and later Klement and Geil (22) on 
large (4 - 5 urn) P.A.N. single 'crystalsr grown in solu­
tion showed no three dimensional ordering despite the 
single crystals being crystalline in the original sense 
of the word, i.e. a material bounded by plane surfaces 
which meet at fixed angles. However, the intensity of 
the diffuse x-ray diffraction in the third direction 
(parallel to the polymer chains) was greater than that
predicted for complete non-ordering. Consequently,
*
the P.A.N. crystals were assumed to highly disordered 
in the third direction while the orthorhombic ordering 
in the other directions was confirmed. The most satis­
factory theoretical treatment which explains both the 
sharp maxima and the liquid like diffuse x-ray scattering
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encountered in polymeric materials is the paracry- 
stalline theory proposed by Hosemann (23). Very 
simply, the paracrystalline model may be thought of as 
a perfect crystal structure which has been perturbed by 
two distinct kinds of disorder: (a) a displacement
disorder which describes the displacement of the scat­
tering material from its equilibrium lattice position 
and (b) the co-ordination or lattice disorder which 
describes the distortion of the actual lattice points.
On the limits of the distribution functions describing 
the disorders becoming unity the paracrystar becomes 
the perfect crystal. The application of this theory 
to P.A.N. is covered in a paper by Lindenmeyer and Hosemann 
(24). This interpretation agrees with the two dimen­
sional model of Bohn et al (p@)) and is supported by a 
detailed paper by Gurbanczyki (.25) •
Regarding the macro structure of the fibre, 
low angle x-ray scattering studies in P.A.N. fibres have 
shown a diffuse equatorial scattering which Statton 
assigns to the presence of microvoids (26). He also 
shows that the number of those microvoids is dependent 
upon the fabrication process of the fibre. Generally 
the greater the physical changes occurring during the 
spinning process the greater is the incidence of micro­
voids. The size of the voids can be decreased by 
drawing or annealing the fibres. Statton assigns no
size to the microvoids even though such a measurement 
is possible if a shape and distribution of the voids 
is assumed using the theory of Porod (21) and Guinier 
(29). Statton deduces from the shape of the scattering 
pattern that the shape of the voids is bi-conical and 
elongated in the fibre axis.*
There have been no reports of any meridional 
low-angle diffraction maxima indicative of a colloidal 
structure (i.e. ordering over periods of 3 - 10 nm) in
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untreated P.A.N. fibres such as that observed in many 
crystalline polymer fibres (30) but Hinrichsen and Orth 
(32) have seen such a structure in hot-stretched P.A.N. 
film.
1.3 OXIDATION
For the first stage of carbon fibre produc­
tion the tow of P.A.N. fibres is wound around a frame 
and oxidised in air between 200 - 250°C (usually 220°C) 
for a number of hours (1). Watt and Johnson state that 
the original object of preheating in air was to prevent 
the fibres of the tow sticking together but they later 
discovered that oxidation was necessary to produce the 
best mechanical properties in the finished fibre. The 
length of time required for oxidation was considered to 
be proportional to the diameter of the fibres in the tow. 
Shindo (9) observed that oxidation increased the carbon 
yield after pyrolysis. To prevent the normal shrinkage 
that would occur on heating P.A.N. above its second 
transformation temperature (approximately 110°C) the 
tow is wound around a frame or even stretched (28) to 
increase the orientation during oxidation. The effects 
of incomplete oxidation are reported by Johnson, Rose 
and Scott (32), if the centre of the fibre is unoxidised, 
it melts and volatilizes during carbonisation resulting 
in voids along the centre of the fibre with perhaps 
transverse flaws leading out to the surface. The 
structure of the material surrounding the voids is also 
modified from the normal carbonised structure of the 
fibre, being in the form of annular lamellar sheets (32). 
This difference between the structure of the material 
at the surface and that in the remainder of the fibre
4
will be discussed later but this core and sheath struc- . 
ture may be laid down during oxidation.
Very little work has been published upon 
structural changes which.take place during oxidation;
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Kargin and Litvinov’s (33) work will be covered under 
pyrolysis. Tyson (34) has observed discrete maxima on 
the small-angle x-ray scattering which he attributes to 
row or linear nueleation of small crystallite blocks of 
nuclei formed by chain folding. The spacing of these 
nuclei along the fibre axis is given as 8 nm and their 
width as approximately that of the fibril width (measured 
by electron microscopy) at about 6.7 nm. (The P.A.N. 
fibre is considered to consist of long fibrils of in­
determinate length (36)(30)). Tyson also reports that 
a high-angle equatorial peak at 0.35 nm develops, in 
addition to the P.A.N. molecular packing peak at 0.51 nm, 
and he attributes this to the formation of semiplanar 
structures of limited length, consisting of conjugated 
ring systems.
It is generally agreed that conjugated ring 
systems are formed in P.A.N. during oxidation giving 
rise to a thermally stable ’ladder* polymer which can 
withstand the higher temperature treatments of pyro­
lysis without undergoing chain scission.- The chemical 
changes which occur during oxidation and pyrolysis have 
been studied by many workers without agreement. This 
work and the various chemical reactions which may occur 
are reviewed by Bailey and Clarke (17) and by Watt (3)
(35) (114 XFigure 1.3).
1.4 PYROLYSIS
Following the oxidation stage, the fibres are 
pyrolysed by heating them to approximately 1000°C 
during which most of the non-carbon elements (hydrogen, 
nitrogen and oxygen) are driven off, leaving carbon.
Shindo (9) and Watt (35) have investigated the chemical •
changes which occur during this carbonisation by analysing 
the gaseous products given off. Both show that the 
pyrolysis proceeds by a stepwise route, i.e. if the fibres
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are held at a given temperature after a period of time 
the pyrolysis reaction will cease. Watt (35) and (36) 
concludes that the reactions at each temperature are 
controlled by steric factors.
For the initial stage of pyrolysis (up to 
400°C) Turner and Johnson (38) carried out a detailed 
study. Their findings were in accord with those of Watt 
and they emphasised the importance of the heating rate 
during pyrolysis as an exotherm existed between l80°C 
to 380°C which could cause thermal runaway and loss of 
orientation. .,
From the results of mechanical tests Watt 
(35) concludes that cross-linking starts between 300°C 
and 400°C for pre-oxidised fibres and between 400°C 
and 500°C for non oxidised fibres. Kargin and 
Lintvinov (33) followed the pyrolysis of P.A.N. with 
electron microscopy and electron diffraction. The 
cyclysation of the polymer chains results in a decrease 
in electron diffraction intensity between 240°C and 
260°C with a change in the pattern occurring at 370°C 
which is attributed to the occurrence of cross-linking.
The orientation, measured by diffraction and direct 
observation in the electron microscope, remains unchanged 
up to 800°C despite the microstruetural changes.
1.5 FINAL HEAT TREATMENT
This stage is sometimes referred to as the 
graphitisation stage but as Fordeaux et al (39) point 
out this terminology is incorrect because the final 
structure of the fibre is not necessarily graphite.
After pyrolysis to at least 1000°C the fibres 
are then heated to a temperature between 1500°C and 3000°C 
The final heat treatment temperature (H.T.T.) decides the 
mechanical properties of fibres as first shown by Moreton, 
Watt and Johnson (40).
4204.2
280 3
140
1800
temperature of heat treatment/°C
26001400 2200
Fig. 1 #4 .  • The Young modulus and tensile strength of carbon fibres from 
P a N  fibres os a function of heat treatment tomporature.
-  10 -
Figure 1.4 shows the variation of tensile strength 
and Youngs Modulus with heat treatment temperature. 
Tensile strength reached a maximum (2.2 GN/m ) at 
1500°C while Youngs Modulus continually increased up 
to the maximum temperature used (426 GN/m ) at 2800 C. 
This disagreed with Shindo*s values which were lower.. 
However Shindo*s values were obtained from fibre 
produced by a different pyrolysing technique.
1.6 FIBRE STRUCTURE
During their conversion to carbon fibres 
the P.A.N. fibres change from transparent organic 
fibres to shiny black fibres of about one half their 
original diameter (usually 14 jm to 7 /Am).' The surface 
of the fibres apparently retains the original surface 
grooves and marks produced during spinning.
The final microstructure of carbon fibres has 
been the subject of many investigations with the major 
contributions coming from the electron microscopy and 
x-ray diffraction evidence. As a result major elements 
of the micro-structure have been determined but there 
’is a dichotomy of emphasis which has prevented a general 
agreement on the structure so far.
Early work by Shindo (9), Johnson and Watt (65) 
and Badami (41) had produced evidence that carbon fibres 
consisted of turbostratic graphite fibrils with the 
basal planes aligned in the axis of the fibre. Bacon 
and Tang (2) proposed that the fibrils were the remains 
of the fibrillar structure of the precursor. Measure­
ments from x-ray data (42),(43)(44) had given a 
* crystallite * size of typically 1 nm in the C direction 
(Lc) by 2.0 nm in the a- direction (La) for P.A.N. 
based fibres heated to 1300°C (Morganite Type II) and 
10 nm (Lc) by 6.0 nm (La) after heat treatment at 2500°C 
(Morganite Type I), crystallite size being the size of 
the turbostratic graphite areas.
F ig . 1 . 5 .  8tructurc» of cry8tallIno graphite (left) and turbostratic carbon (right). Schematic
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Turbostratic graphite is not really graphite 
at all and should really be termed turbostratic carbon. 
Both structures are shown in figure.1.5 from Cahn and 
Harris (5). Turbostratic carbon consists of crystal­
lites each composed of a family of imperfect hexagonally 
bonded carbon planes arranged parallel to each other 
but not in stacking registry to each other. The 
normal to the planes is still denoted the C axis and the 
C spacing between adjacent planes is greater than that 
in normal graphite.
Working from this basic structure Bordeaux 
et al (39) have produced a model for the microstructure 
of cellulose precursor fibres, placing emphasis on the 
extended fibrillar ribbons of turbostratic graphite.
They conclude that all fibres consist of two dimen­
sional ribbons of trigonally bonded carbon sheets, 
highly orientated but tending to twist and weave in and 
out, forming shallow stacks of turbostratic graphite 
(3.0 nm - 10.0 nm thick) where overlapping occurs 
(figure 1.6). The nature of such a structure would 
produce lens-shaped voids. In support of this 
structure they show impressive electron micrographs in 
which the fibrils can be seen weaving in and out.
Where overlapping occurs the angle of overlap given by 
calculation from the resultant moir§ pattern agrees 
with the directly measured angle (Figure 1.7). Herinckx 
et al (45) found that reversible intercalation with 
potassium was possible up to the theoretical maximum
and so concluded that there were no regions of three-
■3
dimensional bonding (sp ) in carbon fibres - further
evidence supporting two-dimensional ribbon with no
■ *.
cross-links.
The other model of carbon fibre microstructure 
has been suggested by Johnson and Tyson (42)(43). In 
their work using electron microscopy and low angle x-ray 
scattering they doubt the fibril model because they had
* 200 X
STRUCTURE OF CARBON FIBRES
Fig. 1 .7 . (002) D a rk -fie ld  micrograph o f a h ig h ly  orientated carbon f ib re . 
C irc led  reg ion - M oire  w ith  a measurable t i l t  ang le .
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observed extinction bands orthogonal to the layer planes 
which they interpreted as defining sub-grain boundaries, 
between crystals with misorientated basal planes. In 
addition their low angle work indicated that the micro- 
voids in the structure were not lens shaped but sharp 
edged and needle shaped. As a consequence they 
proposed a model of the structure consisting of turbo­
stratic graphite crystallites parallel to the fibre 
axis, each crystallite being separated by twist or tilt 
boundaries. Moird patterns in their micrographs. are v
taken as evidence of three-dimensional graphite.
Evidence for the possibility of three-dimensional graphite 
is found in the growth of large graphite crystallites 
in nickel coated fibres by re-crystallisation (60).
Below 1900°C Johnson and Tyson believe that there are a 
large number of small voids and a high degree of cross- 
linking. At 1900°C there occurs a discontinuity in 
the x-ray scattering data which they interpret as cross­
links breaking - given a more open structure and hence 
no disagreement with the intercalation evidence which 
was for fibres heated up to 2500°C. Robson et al (46) 
also report a change occurring at a similar temperature, 
1750°C; this is in the g-value anisotropy given by 
electron-spin resonance. It has been shown that at 
these temperatures nitrogen is finally eliminated and 
nitrogen is known (47) to inhibit graphitisation in 
carbon.
A synthesis of the two models has been 
suggested by Cooper and Mayer (48) shown in figure 1.8.
The layer planes are quite large and can be followed for 
some distance through the structure. These planes 
give an impression of a large number of smaller crystal­
lites through being kinked and distorted. Direct 
resolution of graphite layer planes in the electron 
microscope support this view except that changes in 
orientation appear to take place by gradual bending 
rather than kinks (49, 66). (Figure 1.9)•
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1.7 MODULUS AND STRENGTH OF CARBON FIBRES
The Youngs Modulus of carbon fibres has been 
shown to vary linearly with heat treatment (40)(50) 
and hence with fibre density (51)(52) and crystallite 
size (La) (53)(48)• Further, modulus is a hyperbolic 
function of preferred orientation (39)(51). Ruland (54) 
has shown that this hyperbolic relationship can be ex­
plained by resolving the applied stress into components 
parallel and perpendicular to the carbon layer planes.
The stiffness of the fibre is then a function of crystal­
lite orientation and crystal modulus. Cooper and Mayer 
(48) have extended this treatment to cover the large 
increases in moduli produced by boron doping and 
irradiation. Irradiation increases the sheer modulus 
of the turbostratic graphite which increases the fibre 
modulus; while boron assists in a recrystallisation 
process which improves the preferred orientation and 
hence the modulus. In addition boron and irradiation 
treatments would interfere with the motion of glissile 
dislocation through the crystallites. Glissile dis­
locations were proposed by Curtis, Milne and Reynolds 
(55) as an explanation of the Non-Hookean behaviour of 
carbon fibres at low stresses. (118)
The relationship between the structure and the 
strength of carbon fibres is more complex. The shape 
of the H.T.T. v strength curve (figure 1.4) with a peak 
at 1500°C is very puzzling. It was established at an 
early stage that there was a gauge length effect on 
tensile strength, i.e. the shorter the gauge length 
the greater the average fracture stress (51)(56).
This suggested that failure was due to a Griffith crack 
mechanism with the greater gauge length increasing the 
probability of a suitable flaw existing. Consequently 
several investigators have looked for surface flaws 
using the scanning electron microscope (S.E.M.).
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Johnson (50) using the S.E.M. classified two flaw types 
from fracture ends of fibres: these were surface flaws
and internal flaws. For fibres heat treated above 
1200°C he found no evidence of flaw induced failure and 
concluded that up to 1200°C
F observed = ^ f intrinsic / K (stress concentration
factor)
and above 1200°C ^ f  intrinsic predominated. However, 
Sharpe at Harwell using 1 MeV Transmission electron 
microscope (57) found evidence of internal flaws of up 
to 3 um diameter at temperatures up to 2600°C and held 
that 90^ of failures at 2.4 GN/m occurred at these defects. 
There is some discrepancy between these observations
O '
since 2.4 GN/m is equivalent to a heat treatment tern-
O o 'perature of approximately 1500 C; 300 C higher than the
upper limit on flaw induced failure set by Johnson but
the difference may lie in interpretation of fracture
surfaces - a personal and hence widely varying quality.
Fracture in the case of large defects was 
attributed to stress concentration at small cracks in 
the surface surrounding the defect. Jones and Duncan 
(58) suggest that these cracks may be a result of dif­
ferential thermal contraction on cooling the fibres.
Johnson and Thorne also catalogued flaw types (59) and 
used etch treatments to remove flaws which did succeed 
in raising the <5^  but with increased scatter about 
the mean value. Johnson (50) carried out further etch 
treatments and showed that above 1200°C H.T.T. etching 
had no effect. Thus while the strength of carbon fibres 
is increasing with H.T.T. (i.e. below 1500°C) flaw 
induced failure appears to limit the strength, but not 
above 1500°C when some other mechanism must lead to the 
decline in strength.
Cooper and Mayer have proposed a model to 
explain this variation of strength with H.T.T. (48).
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Below a critical temperature strength increases with 
increased preferred orientation and failure is by a 
Griffith crack mechanism. Above the critical tempera­
ture crystallite size has increased to a size (greater 
than 2 nm) where glissile dislocations are present in 
the basal planes, and then a Hall-Petch relationship 
applies i.e. -under stress dislocations move, pile up and 
initiate crack nuclei. They quote Johnson and Marjoram's 
correlation between <T f and crystallite dimension La.
This model explains why Johnson observed an increase 
in strength with H.T.T. above 1500°C in hot-stretched 
fibres (65) on the grounds that the hot-stretch enables 
dislocations to anneal out avoiding crack build up.
Williams (8) has applied the Marsh elastic 
plastic criterion to carbon fibres which he finds con­
sistent with his observation of anelastic behaviour in 
carbon fibres using a Loop test. However, he does con­
cede that if a crack length of 500A° (assumed fibril 
width) is applied to a Griffith type calculation, the 
calculated values of strength agree with the observed 
strength. Since the movement and pile up of disloca­
tion could produce sub boundaries across the fibril width 
this calculation appears to support the Cooper Mayer 
explanation.
Other possible flaws which could affect the 
strength are localised fibril kinking (3) and the increas­
ing occurrence, with higher H.T.T., of platelets of 3-D 
graphite (60)(55). Coyle (61) suggests that these 
platelets are due to re-crystallisation around impurity 
elements. Cooper and Mayer (48) comment that, while 
nickel-induced re-crystallisation of carbon fibres cause 
a disastrous reduction in properties (Jackson and 
Marjoram (60)), boron doping which caused a similar 
amount of re-crystallisation (measured by comparison 
of x-ray data) did not cause any reduction in properties.

Fig. 1.10. Schem atic arrangement of
basal planes* in carbon fibre.
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This they explained by saying that boron does not cause 
re-crystallisation of mis-aligned graphite crystallites 
unlike nickel which achieves re-crystallisation by a 
process of solution and re-precipitation of the carbon 
in random orientations. In addition boron acts as a 
solid solution hardening element hindering shear in 
the crystallites and hence maintaining the modulus and 
strength.
Jones and Duncan (58) suggest that the tensile 
strength of carbon fibres is affected by the presence 
of basal plane cracks. These cracks are produced by 
the anisotropic thermal contraction of the fibres during 
manufacture, and are only found in fibres heated above 
1500°C. To have any significant effect cracks such 
as these must not lie parallel to the axis of the fibres. 
They quote the results of Butler and Diefendorf (63) 
which demonstrate a variation in the structure between 
the surface layers of the fibres (rayon based) and their 
interiors (figure 1.10). Crystallites close to the 
surface of the fibre are better aligned parallel to the 
fibre axis and are larger. Watt and Johnson (3) and 
Shindo (9) have discussed this sheath and core effect 
in P.A.N. fibres. Rose et al (64) have also observed 
large well aligned carbon layer at the surface of 
internal flaws. It is suggested (65) that the sheath 
is derived from fully stabilised polymer while the 'core' 
is the result of the pyrolysis of unstable or partly 
stab'Iished polymer. This implies that the amount of 
core and sheath is determined by the Oxidation1 pre­
treatment and is dependent upon the duration of 'oxidation’ 
and the rate of diffusion-of oxygen into the fibre.
Jones and Duncan use this concept of sheath and 
core to explain their observed variation of both modulus 
and strength with fibre thickness. Thinner fibres 
(5 urn) have both a higher strength and a higher modulus 
than do thicker fibres (up to 10 um diameter).
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If the condition that the length of time of oxidation 
controls the amount of sheath applies then the depth 
of the sheath will he independent of fibre diameter. 
Consequently thinner fibres will contain a greater 
proportion of the well aligned sheath which results in 
these thinner fibres having superior moduli. In 
thicker fibres the larger size of the core increases 
the probability of misaligned basal cracks being present 
thus reducing their strength.
The lack of evidence from other structural 
studies to support or disprove this 'sheath' and 'core* 
structure points out the little attention which has 
been paid to structural variations across a single 
fibre. X-ray techniques give mean values for thousands 
of crystallites; electron micrographs have been mainly 
taken from flakes prepared by grinding and hence from , 
unknown areas within the fibres.
1.8 OUTLINE OF THIS STUDY
In total the hard indisputable facts known of 
the structure of carbon fibres and its development 
during pyrolysis are almost non-existent.
The precursor P.A.N. is one of the least 
understood structurally of the polymer textile fibres; 
the importance of pre-pyrolysis oxidation in obtaining 
good mechanical properties in the final fibres is well- 
known but the role that oxygen plays in the structural 
development within the fibres is virtually unknown; 
structural changes during pyrolysis have been little 
studied and the final structure of carbon fibre, although 
well classified, suffers from lack of knowledge about 
both its variation across the fibre diameter and its 
interplay with the pyrolysis route. This in no way 
diminishes the studies carried out so far but underlines 
the inherent difficulties.
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Bearing these difficulties in mind this project aimed 
to investigate the structural changes taking place 
during the oxidation and pyrolysis of the fibres.
During these stages a metamorphosis of P.A.N. fibres 
into carbon fibres takes place and somehow despite the 
tremendous chemical changes sufficient orientation is 
retained to ensure mechanically superior fibres. If the 
nature of carbon fibres is to be understood, how the 
final structure develops is an essential step in that 
understanding.
At the start of the investigation there were 
four main experimental methods available: electron
microscopy, optical microscopy, x-ray diffraction and 
mechanical tests. Electron and optical microscopy 
would have given direct structural information but they 
both suffer from the major disadvantage of poor contrast 
between the structural elements of P.A.N. and partially 
pyrolysised fibres. In addition preparation of suitable 
specimens for microscopy across the whole pyrolysis 
range is impractical. Thus the major efforts were 
concentrated on the more indirect x-ray diffraction 
techniques and mechanical tests.
Since there was very little prior information 
to build on the initial approach was very simple•and 
non specific. After a suitable production route had 
been established, specimens were to be prepared and 
characteris ed, hy the experimental techniques, at all 
stages of oxidation and pyrolysis. The results of 
this initial characterisation were to be critically 
examined and areas of interest to be followed by specula­
tion and experiment. Since the investigation gradually 
developed in specific areas, in the following report 
each chapter on an experimental technique contains simul­
taneous presentation of results and discussion, followed 
by a final chapter bringing together the various aspects 
of the work.
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CHAPTER 2 - EXPERIMENTAL METHODS
2.1 Introduction
This chapter contains brief summaries of the 
experimental methods employed in this investigation.
The aim has been to avoid unnecessary detail but to give 
a clear outline of the various techniques. This means 
that detailed descriptions of well-established methods 
have not been included; these are best left to the 
specific literature on the topic. Similarly the 
specification and performance data of proprietary equip­
ment is to be found in the respective' manufacturers 
handbooks.
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2.2. Fibre Production
Although carbon fibres are available com­
mercially preparing ones own fibres has several ad­
vantages: (i) full details of the production methods
used are known; (ii) fibres at intermediate stages 
are available, and (iii) production variables may be 
changed at will. However adequate control of each of 
the processing steps must be possible and cross- 
referencing with commercial fibres must be made, where 
possible, to ensure that the production route used is 
comparable to the production process used for the manu­
facture of carbon fibres.
While recognising the important role the 
processing route must play in determining the final 
fibre properties, in order to limit the number of •
variables in this investigation a standard production 1 
method was used in the preparation of fibre specimens 
except where a specific treatment was used to check a 
hypothesis.
The standard production route was:
Oxidation - 5 hours in air at 220°C
Carbonization - Heated to 1000°C at 125°C/hour
under an inert N2 atmosphere
Final Heat - Heat to final temperature
Treatment (1000 C - 2300 C at
and held at temperature for 
10 minutes.
For specimens heated to temperatures below 1000°C there 
was no holding at final temperature.
♦
This production route was based upon the 
information given by Watt (3).
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2.2.1 Precursor Types
Several different precursor fibres were used. 
These are summarised below.
Table 2.1
TYPE
COURTELLE
DRALON T
FORM
( 10,000 fibre 
tow
 ^Single fibres
Mult if ilament 
Crimped Tow
HOMOPOLYMER Single Fibre
MEAN FIBRE 
DIAMETER COMPOSITION
14 urn V 9 3 P.A.N. (17)
< 6$ Poly Methyl
8 urn < Methacrylate
15 um ) ^  s^e
(approximate values)
12 um
8 um 
15 um
99. 6$ P.A.N.
0.4$ Poly Methyl 
Methacrylate 
(17)
100$ P.A.N.
Both the single Courtelle fibres and the pure homo­
polymer fibres were spun from Di-methyl Formal-dehyde 
solutions by Mr. A.J. Clarke at the University of Surrey.
Only centre lengths used, 
end lengths discarded.
Fig. 2 .2 ,a Knotted tows on frame.
n
TJ
J1
U
TJ
Location rods 
connected to 
furnace cap.
Stainless steel rod frame.
r v i
Q .
s'>
u
Solid carbon frame.
Lugs for 
attaching 
fibre tows-
Fig! 2 .2 .b. The two oxidation frames used.
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2.2.2 Oxidation of Precursor Fibres
Oxidation of fibres was carried out in a 
large Gallankamp air-circulating oven. Temperature 
control was by way of a solid-state device with a 
variable potentiometer to alter the temperature setting. 
The temperature was measured by a mercury-in-glass 
thermometer suspended from the exit flue of the oven.
Fibres were prevented from shrinking during 
oxidation by winding them around stainless steel or 
graphite frames. The whole tow was knotted around one 
of the projecting arms of the frame and wound around 
four times before being secured by knotting around 
another arm (figure 2.2a). After processing the 
knotted sections of fibres were discarded. The steel 
and graphite frames were designed (figure 2.2.b) so •
that they would fit into the carbonising furnace, \
albwing direct transfer of oxidised fibres.
As the rate at which the oven heated up to 
the set temperature was not controllable, the oven was 
allowed to stabilise at the temperature before the 
fibre frames were placed inside. Some heat was lost 
from the oven when the door was opened to introduce the 
fibres, but the oven quickly regained temperature on 
closing the door (within thirty seconds). Switching 
off the heater and thereby the fan prior to opening the 
door minimised the heat loss.
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2.2.3 Carbonization
Carbonization, the gradual heating of the 
fibres to 1000°C, was carried out in a molybdenum wound 
alumina tube furnace (figure 2.3).
A rigid frame support rod ensured accurate 
and reproducable location of the fibre frame within 
the furnace tube. This support rod carried three 
thermocouples (Pt/l3$ Rh; Pt.) arranged to measure the 
temperature at the top, the middle and the base of the 
4" fibre frame. The upper and lower thermocouples 
were linked to an Ether Xactaline Chart Recorder while 
the middle thermocouple was used as the sensor for the 
temperature control system. The temperature control 
system consisted of a Eurotherm Lilliput S.C.R. con­
troller and a Eurotherm Ramp controller. The Ramp 
controller allowed the millivolt output of the thermo­
couple to be linearly increased at a preset rate, thus 
controlling the rate of temperature increase in the 
furnace. The millivolt output of a Pt/l3$ Rh. Pt 
thermocouple is not strictly linear with temperature 
therefore the rate of temperature increase varied 
slightly with temperature.
The furnace produced a very uniform heating 
zone, with the temperature at each end of the frame . 
differing by not more than 5°C during heating up and by 
not more than 1°C at constant temperature.
A throughflow of nitrogen provided an inert 
atmosphere and carried away the carbonization products. 
Nitrogen of white spot purity was used at a rate of 
0.2 cubic feet per minute.
fibre frame 
gas out
VIM'V&IA ^  V^VWAV'A VTTv\
u  v w v  v v v v \ vt ^ t v k t v v t t t t ^
alumina
tube
alum ina powder
as in
metal end  
plate assembly
molybdenum winding
Fig. 2 .3 . Schematic diagram of the Molydbenum wound Carbonizing furnace, 
showing the method of location of the fibre frames in the Hot zone.
Scale 10:1
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2.2.4 Final Heat Treatment
A spembly 10 KVA Furnace was used to provide 
the high temperature needed in the. final heat treat­
ment of the fibre. With only a graphite element avail­
able the maximum temperature was limited to 2300°C.
The temperature within the hot zone of the furnace was 
measured by a hand Total Radiation Pyrometer. The 
indicated temperature of this pyrometer was checked 
against an extinction filament pyrometer and found to 
be in agreement. The output of the measuring pyrometer
was fed into a Eurotherm Lilliput S.C.R. controller.
This controller had a digital input E.M.F. preselector 
which ensured reproducibility of temperature selection 
and also allowed the rate of temperature increase to 
be controlled.
The size of the hot zone on the element was 
100 mm by 20 mm diameter.
r
The element was enclosed by a water cooled 
bell housing and the enclosed furnace chamber was 
connected to a diffusion/backing pump vacuum system.
<■ —5
This vacuum system was able to maintain a vacuum of 10 
torr when the temperature of the fibres in the furnace 
was held constant but usually the gaseous products of 
the fibres during the heating cycle kept the vacuum at
_ 3
a 10 torr level.-
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CHAPTER 2-3
X-RAY DIFFRACTION TECHNIQUES INTRODUCTION
X-ray diffraction techniques are now 
standard methods for the determination of the micro­
structure of materials throughout all the branches 
of science. X-rays are electromagnetic radiation with 
a high frequency of oscillation. This frequency is 
so high that the x-rays do not interact with atomic 
and large sized particles. However, electrons 
within the atoms are responsible for scattering of 
x-rays by matter. The x-ray stimulates electron 
oscillation which in turn produce electromagnetic 
radiation which is coherent with the incident radiation 
but radiates in all directions rather than the specific 
direction of the incident beam. All the electrons 
within the incident beam will contribute to the 
scattered radiation and the intensity distribution of 
the observed scattered radiation will be the result of 
su petrpos .b orx  of radiation from all the individual 
electrons. If the distribution of electrons within the 
material is ordered then it is possible to determine 
this distribution and hence the structure from the 
scattered radiation. For a highly ordered regular 
structure such as an inorganic or metallic crystal the 
scattered interference pattern is fairly simple to 
interpret using the simplified Br&gg Approach of multi­
layer "reflections”. More complex structures require 
careful measurement of the scattered intensity dis­
tribution and lengthy Fourier analysis in order to 
elucidate the structure. For this study fairly 
straightforward methods were used in order to determine 
structural spacing.
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Generally the size of the scattering unit 
(the inter scattering unit spacing) for wide angle 
(greater than 10°) is of the order of the incident - 
x-ray radiation*;. X. Thus using radiation of 0.1554 nm 
wavelength wide angle x-ray diffraction will reveal 
atomic size spacing within the fibre.
In addition to this size of structural unit 
low angle ( y 5°) x-ray diffraction was used to measure 
structural features larger than 20 nm. Low angle 
scattering is characteristic of the sample granularity’ 
independent of the atomic structure of the grain.
Hence low angle scattering it was hoped would give 
information of micro void, crystallite size, etc.
2.3.1 Fibre mounting
The following simple method of mpunting 
fibre tows was used for both high and low angle 
scattering experiments.
Approximately 5 mm was clipped from the edge 
of a steel washer(-J- inch internal diameter). This 
facilitated the positioning of the washer in the x-ray 
cameras. A length of fibre tow was first dipped in 
acetone, which temporarily held the fibres in 
alignment and ensured wetting of the fibre by the glue. 
This length of tow was then glued with Durafix across 
the washer diameter (figure 2.4).
\
*
Tow, mounted oh cl ipped washer for X-Ray experiments
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2.3.2 Low-angle x-ray scattering
The x-ray equipment for making low angle 
observation has to be modified in order to increase 
the dispersion of the pattern thereby increasing resolu­
tion at low angle (typically less than 2°). This is 
achieved by lengthening the specimen to fibre distance 
and using a colliimation system that gives a parallel 
incident beam. A long colli mation system of fine 
pinholes gives a suitable incident beam but such a 
system gives a very low intensity and requires extended 
exposure times. Substituting slits for pin-holes is 
a way of increasing the scattered intensity but makes 
the interpretation of the pattern more difficult. 
Examples of both types of collumation system were used.
Initially a Riguki-Denki low-angle camera, 
was used (figure 2.5a). This used a two pin-hole 
colli mation of 0.3 mm diameter separated by 320 mm; 
this was the same distance as the specimen to film 
separation. An evacuated chamber between the specimen 
and film reduced the air scattering of the x-rays.
evacuated
collimator chamber primary 
beam stopx-ray
source
pin-holes ^Py  low-angl 
camera
fibres
320mm
Layout of the Riguki Denki low-angle camera.
50mm
5mm b m stop
Angular,range of camera 
18 <2^<9!
50n^m
Typical exposure
Fig. 2 .5 .a, RigukiDenki camera.
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Later a Kratky camera (figure 2.5b) which 
employs a system of knife edges to give a slit-type 
collumation with very little parasitic scatter, was 
used. This camera is capable of very accurate inten­
sity measurement (113)(108) but in the absence of a 
crystal monochromator and counter intensity measure­
ment, only methods requiring comparative intensity 
distribution were employed.
In both cameras the scattering patterns were 
recorded on photographic film (Kodak Kodirex x-ray 
film) and nickel filtered copper K** radiation was 
used.
colli1 motor horizontalspecimen pivoted evacuated chamber
low-angle camera
primary beam 
stop
100mm 200mm
Layout of the Kratky camera.
Angular range of camera
■ . ■ , /  . .
/ u ' < 2 -e-< n®
recorded’
scatter
film
Typical exposure
Fig. 2 *5 .b. Kratky Camera,
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2*3*3 Wide angle x-ray scattering
A phillips Universal camera was used to 
record the wide-angle x-ray diffraction pattern.
This camera simply holds the specimen directly in 
front of a pin hole collumater (0.5 mm diameter) and 
the diffraction pattern is recorded on a photographic 
film held at right angles to the main beam. The 
specimen to film distance was set at 50 mm but calibra­
tion of this length, using thallous chloride deposited 
on some fibres as a reference, showed the distance 
to be 48.5 mm.
2.3*4 Intensity Measurement
The intensity of scattered radiation was 
taken as being directly proportional to the darken­
ing of the photographic film (within the limits of the 
photographic emulsion). A split-beam raicrodensitoraeter 
was used to measure the darkening of the developed film. 
Two versions of the split beam microdensitometer were 
used; initially measurements were made on a Wooster 
Split Beam Optical Densitometer and later on a 
Joyce-Lobel Microdensitometer.
flat plate 
camera,' 
100mm ' 
.square.
nickel
filter fibres
x-ray
source
tube collimator
Fig. 2 ,6 . Phillips Universal Camera used for Wide -angle X-ray diffraction.
2.4 Tensile Testing
For tensile tests single fibres were mounted 
on support cards using Durofix adhesive; giving a gauge 
length of 50 mm. The diameter of each fibre was 
measured individually using an image shearing eyepiece. 
Tungsten wires of known diameter were used to calibrate 
the image shearing eyepiece.
Before testing, the adhesive was allowed to 
harden for at least twenty-four hours. Tensile tests 
were carried out in a bench Instron machine. Calibra­
tion of the testing machine was carried out with a 
0.1 N weight; the usual full scale deflection. After 
the support card and fibre had been mounted between 
the jaws of the specimen grips, the support card was 
severed, leaving the single fibre to be tested .
(figure 2.7).
The normal speed of the cross-head was lmm/min.
Fibre and [support card mounted 
in grips.
Support card cut leaving fibre 
free for test.
Fig. 2 .7 . Mounting of Single Fibre fo ra  Tensile Test,
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2*5 Rapid Heating and Quenching Treatment
Hinrichson and Orth (95)(96) used rapid 
heating to suppress the degradation of polyacrylo- 
nitrile prior to melting. In a series of experiments 
to determine which features of the structure of oxidised 
P.A.N. fibres were due to degradation of the fibre and 
which features were the result of annealing of the 
fibres during heating a similar rapid heating followed 
by quenching treatment was used.
A sample of the fibre was wrapped in alumi­
nium foil. The purpose of the foil was to make the tow 
handleable without seriously affecting heat transfer 
to the fibres. The foil package was then immersed in 
a salt bath (controlled to * 0.5°C) at temperatures 
between 310°C and 330°C for periods up to 20 seconds. • 
This was followed by rapidly quenching the specimen 
into cold water.
double-sided
Sellotape.
Monolayer of fibres, held by double- sided Sellotape, 
for Ion Beam Thinnfng.
Nylon thread drawing 
fibres togather.
After thinning, fibres gathered togather for X-Ray diffraction.
Fig. 2 .8 . Technique for preparing thin fibres.
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2.6 Ion Beam Thinning
The use of an ion beam for thinning specimens 
difficult to prepare by conventional methods has been 
well established in the field of electron microscopy (107). 
Ion beam thinning was used in the project for removal 
of the outer layer of oxidised fibres.
If a complete tow of fibres was rotated in the 
ion beam then only the outer fibres of the tow would be 
thinned and the thinning which did occur would not be 
even around the circumference of the fibre. Thinning 
a single fibre would ensure more even erosion but there 
would be insufficient fibre material for x-ray diffrac­
tion so the following method was used.
Using double-sided Sellotape a monolayer of . 
fibres was arranged across a specimen disc (figure 2.8a). 
a 5 mm square hole in the specimen disc allowed bombard­
ment of the fibres from both sides.
After ion beam bombardment the fibres were 
gathered together making a bundle thick enough for 
x-ray diffraction; Nylon threads at both ends were 
used to pull the fibres together (figure 2.8b). The 
slight resilience of the Sellotape adhesive allowed 
this rearrangement of the fibres.
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CHAPTER 3 - DIFFUSE LOW ANGLE X-RAY DIFFRACTION
3.1 INTRODUCTION
In attempting to understand the changes 
occurring in the microstructure of the fibres during 
pyrolysis, it was natural to consider the use of low 
angle diffraction techniques. These methods are long 
established in the study of pyrolytic carbons of all 
types (kinds) and they have also been used to examine 
carbon fibres (.42) (43) (66) (67) . Several analyses of 
the small angle scattering from carbon fibres have been 
made; Johnson and Tyson (1969), Perret and Ruland 
(1968) and Tyson and Marjoram (1971). These authors 
consider the situation where the precursor has been 
almost completely converted to carbon at temperatures 
in excess of 1000°C. Thus the structure of the fibres 
is essentially graphite with various degrees.of dis- , 
tortion and microvoids constitute the major density 
fluctuation (inhomogeneity). Johnson and Tyson (42) 
point out that methods for analysing the low-angle 
diffraction scattering yield information about pore 
size in the first instance; however, analysis of such 
data has proved of value in understanding the micro- 
structure of fibres.
Additionally Statton (70) had used low angle 
x-ray diffraction to investigate qualitatively the 
variation of pore structure in P.A.N. fibres under 
different spinning conditions.
In order to bridge the gap between precursor 
and finished fibre it wa^ necessary to analyse the low 
angle x-ray diffraction from a structure that was con­
tinually changing both physically and chemically throughout 
its pyrolysis.
This meant that many assumptions would be necessary 
and the values obtained for the structural parameters 
could not be absolute. However,.since all the tech­
niques available for fibre examination were similarly 
imprecise there was a strong possibility that careful 
analysis of the low angle scatter could give signifi­
cant indication of changes occurring in the fibre.
An indication of the validity of any results obtained 
would be possible by comparison with published data 
for the higher temperature range.
3.2. THEORY
X-ray scattering theory shows that a medium 
containing a random distribution of electron density 
inhomogeneities will scatter incident x-ray radiation 
according to the following expression:
I = le N n2 f2
where Ie = coherent scattering of one electron
N = number of inhomogeneities irradiated
n = difference in electron density between
medium and inhomogeneities multiplied by 
inhomogeneity volume
F - electronic structure factor, a function of 
the scattering angle which depends upon the 
size and the shape of the inhomogeneities.
The theory can be worked exactly for very low 
concentrations of inhomogeneities with uniform size and 
shape. For spheres and moderately symmetrical shapes 
the theoretical curves of intensity plotted against 
scattering angle show subsidiary maxima and minima at 
angles related to the inhomogeneity dimensions.
Braggs* equation (n \ = 2 d sin •eo arises from this'
theory in the limiting case of structures of regularly 
spaced units of uniform size and shape.
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For fibres, and generally for structures with 
a cylindrically symmetrical structure, the scattering 
intensity is a function of the component of S (the
reciprocal space vector) in the plane perpendicular to 
the principal/fibre axis, and S ,^ the component of S 
parallel to the principle axis only (S = 2 sin *07A  ).
J(s) = is12(S3
In small angle scattering, the Ewald sphere
can be replaced by a tangent plane through the origin
at right angles to the direction of the primary beam, 
the intensity distribution in this plane contains all 
the information obtainable (67).
This means the derivation of the theoretical 
curve can be simplified. Assumptions about the 
nature, shape and distribution of the inhomogeneities 
are necessary.
When the intensity distribution is measured 
with a point collimation system, the resulting inten­
sity distribution J is the projection of the intensity 
distribution in the tangent plane onto a plane perpendi­
cular to the x-ray beam and gives
J = { D O  ?.] 2
where { \ 2 in(^ ica'tes a two dimensional projection
and r 1 o a two dimensional section.
U 2
In carbon fibres the major inhomogeneities 
are long narrow pores orientated close to the (002) 
layer planes (67)(46)(47). Following a method due 
to Debye (71) these pores give rise to scattering 
expressed in the form
^  - ( C O  2 ] 2 = V  -" 3 2x e' -^-SgX 0
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where Rg is the average radius of gyration of the micro­
pore cross section and 0 is the interference function 
for scattering from different pores. 0 is assumed to 
he 1 over the range of •0'measured. If log 1^ is 
plotted against *0" ^  the result is a straight line 
(except at very low values of *0* and at the tail of the 
scattering curve) indicating that the interparticle inter­
ference is unimportant over the range of -Q- used.
From the straight line plot of log 1^ . againsto ■
the value of Rg can be calculated.
When the intensity distribution is measured 
with a slit system of infinite lateral dimensions, the 
resulting intensity distribution J is the projection 
of the intensity distribution in the tangent plane onto 
a line perpendicular to the slit axis (73) and gives '
>  = ( h i
where ^| ^ indicates a one dimensional projection and 
a two dimensional section.
For intact fibres parallel to an infinitely 
long beam Herman and Weidinger (I960) (72) have shown 
that this system is equivalent to a powder specimen 
with an infinite slit. This means, following a method 
due to Porod (27) a ’distance of heterogeneity' lp can 
be expressed as
x  j f l ( 2 S ) d ( 2 f r )
IP =
"Tf J o I (26-)26d(20-)
Porod defined the distance of heterogeneities lp in 
terms of the integral width of the correlation function 
C(r) which is related to the probability that a line of 
length r will have both ends situated in pores.
Tyson and Marjoram (69) have demonstrated 
that Rg and lp are directly related over the range 
1000°c - 23000C .
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Thus using the two experimental cameras,one 
with point and the other slit collimation, it was 
possible to measure structural parameters Rg and lp for 
intact fibres.
Previous studies of the low angle x-ray . 
diffraction from carbon fibres have usually been under­
taken with ground fibres. Grinding of the finished 
carbon fibre is fairly simple and Johnson & Tyson showed 
that little damage to the fibres resulted from the 
grinding. However, with non and partly oxidised 
P.A.N. fibres grinding in a ball mill even in liquid 
nitrogen proved ineffective. Poorly ground specimens 
containing broken fibres up to 2 mm in length showed 
signs of structural damage in their wide angle x-ray 
diffraction patterns and any further treatment to reduce 
the size of the fibre fragments would have undoubtedly 
caused significant structural damage. Thus, intact 
fibres were used for all x-ray work.
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FIBRES HEAT-TREATED AT 220°C FOR DIFFEREHT TIMES
o 2xtelle at 220 C in air Courtelle in vacuum 10~ to:
at 220 C
Time/hours Rg/nm Time/hours Rg/nm
0 0.496 0 0.496
0.50 0.395
1.00 0.38 1.00 0.35
2.00 0.365
3.00 0.35 3.00 0.279
4.00 0.332
5.00 O.338 5.00 0.26
6.00 0.39
7.00 O.318 8.00 0.234
9.00 0.32
16.00 0.30
23.00 23.00 0.235
70.00 0.33
Table 3.1
These results are shown graphically in the following 
figures 3.1 and 3.2
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3.3 RESULTS AND DISCUSSION
Measurement of Rg, the radius of gyration of 
the inhomogeneities, gives the size of the electron 
density fluctuation. Before discussing the signifi­
cance of changes in Rg with oxidation time it would be 
of value to consider the possible nature of the inhomo­
geneities. Since the scattering depends upon a dif­
ference in electron density then the inhomogeneities 
could either be denser or less dense than the bulk 
P.A.N. Possible causes of denser inhomogeneities are 
small crystalline region and non-polymeric inclusions. 
Crystallites of the size of Rg (1.5 nm) should also 
produce evidence of three-dimensional structure in the 
wide-angle pattern of P.A.N. but this has never been 
observed. Non polymeric inclusions in P.A.N. fibres 
have been observed (57) but not in sufficient concentra­
tion or distribution to cause the scattering intensity 
observed.
More probable are inhomogeneities less dense 
than P.A.N. These would almost certainly be micro­
voids either empty or containing residual spinning sol­
vent. Microvoids have been established as the cause 
of low angle scattering in cellulose (70) later verified
(72), and Statton (26) gives nine reasons for believing
that the intense low angle scattering of most textile
fibres including P.A.N. is due to the presence of micro-
voids. Ruland (73) has observed that needle-shaped
pores in pyrolysed cellulose fibres appear only above
900°C. This is not necessarily in disagreement with
the earlier work on cellulose (70)(72) since the fibres
*
Ruland examined had undergone severe disorientation of 
their structure during the early stages of pyrolysis 
which could destroy or close up any micropores, but 
the complete removal of all microvoids must be extremely 
unlikely.
t
(nm)
0.2
Time (hours)
Fig. 3 ,1 . CoMrtelle at 2 2 0 ' in air.
Rg agdinst Time at Temperature.
Courtelle heated at 220 C under reduced air pressure, 
 ^Rg plotted against Time at temperature.
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The final possibility is that the low angle 
scatter is due to micro fibrils within the fibre.
Watt and Johnson (74) quote a figure of 15 nm for the 
fibril diameter from unpublished low angle x-ray 
scattering work and other estimates from visual methods 
give the fibril diameter between 7.5 nm and 100 nm 
(42)(8l). These values are far in excess of the values 
of Rg found and the rapid changes in Rg observed are 
unlikely in terms of fibril diameter changes.
3.3.1 VARIATION OP Rg WITH TIME AT 220PC
The variation of Rg with.time at 220 C is 
shown in figure 3*1 for heating in air and figure 3.2 
for heating in a dynamic vacuum. Assuming Rg to be 
a measure of the size of microvoids, there are several 
reasons why the microvoids would decrease in size on 
heating. Heating the fibres would drive off any 
residual solvent allowing microvoids to collapse or the 
microvoids could be annealed out as the molecular chain 
becomes more mobile above Tg. Crystallisation is 
another possibility; the molecular rearrangements 
either leading to microvoid collapse or causing the 
opening up of very small voids and increasing the total 
voidage but reducing the mean void dimensions. However 
large scale crystallisation is unlikely in view of the 
wide angle x-ray evidence.
Prom figure 3*1 it can be seen that Rg falls 
from 1.6 nm in P.A.N. to a value around 1 nm within
7 hours at 220°q # Heating beyond this time causes 
very little change in Rg. The major change in Rg 
occurring within the established oxidation time of 5 hours 
with two thirds of the changes taking place in the first 
hour.
log Rg
in dir
in vacuum-0 .2 5
0.35
0.45
0.55
0.65
Time (hours)
' Fig, 3 .3 . Courtelle at 220 C, '
log Rg plotted against Time at (temperature.
,• 1 : : ■ ■' ' • .• ■ v ''.
: ' ■ *■
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The shape of the curve suggests an exponential decay, 
which is to he expected since the rate of change Of void 
size is proportional to the amount of unchanged void 
in the possible void closure mechanisms. Thus log^Q 
Rg against time was plotted (figure 3*3)• This shows 
an excellent exponential relationship for the period 
0.5 to 4 hours. Between 0 and 0.5 hours the rate of 
decrease of log Rg is very much higher and for times 
beyond 4 hours the value of Rg appears to fluctuate 
about a mean value. The breakdown of the log plot into ,.
three regions suggests that the variation of Rg is con­
trolled by several processes; each one predominating 
over a different period.
If figure '3.1 is compared with figure v3»2 
it is seen that Rg does not decrease as rapidly when air 
is excluded, but Rg eventually reaches a lower value 
of 0.75 nm compared with 1.0 nm in air.
Plotting log^Q Rg against time for the 
vacuum series is also shown in figure 3•3« This gives 
a similar disjointed curve to that for the air series, 
with a straight line middle section.
The major difference in the two series was 
the chemical environment. It is well established (1)(9) 
that oxygen plays an important role in the low tempera­
ture stabilisation of P.A.N. fibre prior to pyrolysis.
The exact role of oxygen is uncertain and is the subject 
of some controversy (75), however it appears that the 
presence of oxygen increases the stabilisation rate and 
results in a more thermaPly stable molecular structure
than is the case for inert heat treatments. The 
stabilised structures formed are believed to be cyclised 
ladder polymers and the rigidity of such molecules will 
limit the amount of structural rearrangement possible.
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Hence, once cyclisation has occurred further variation 
in pore structure will be difficult at the modest tempera 
ture of 220°C.
Thus figure 3*3 must be interpreted, bearing 
in mind that chemical changes are occurring simul­
taneously with physical changes in the microstructure 
and the two are interrelated.
Dividing figure 3-3 into three stages allows 
comparison to be made for each stage.
Stage (1) Prom 0 hours to the change of slope.
Stage (2) The straight-line middle section.
Stage (3) Beyond stage (2).
Stage (I). In this region Rg changing very 
rapidly probably due to annealing out of the voids 
across the whole fibre-cross section, thereby reduc­
ing the surface energy within the fibre.
If some microvoids were full of residual 
solvent they would be unable to close up until the 
solvent had diffused out of the fibre. However this 
is unlikely to be a rate controlling mechanism since 
the rate of decrease of Rg in vacuum is not greater than 
that in air.
In Stage (2) the initial rapid decrease in 
Rg slows down. Cyclisation of the molecules has 
reached a significant level and micro-voids in 
cyclised regions become fixed. In vacuum, the 
cyclisation rate is slower and homogenous over the 
fibre cross-section. This in vacuum Stage (1) lasts 
longer allowing a smaller Rg value to be reached.
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Stage (2) in vacuum shows an almost linear rate of 
change at Rg as uniform cyclisation occurs across the 
fibre. In air oyclisation is rapid in the presence 
of oxygen, hence Stage (2) is reached quickly. The 
rate of cyclisation will depend upon the diffusion of 
oxygen into the fibre surface which leads to the ex­
ponential nature of Stage (2) in oxidised fibres.
An interesting feature of figure 3*3 is that 
the transition point from Stage (l) to Stage (2) in 
both cases occurs at the time the meridional low angle 
x-ray scatter is first observed.
Finally both curves flatten out when the • - 
cyclisation process at this temperature is largely 
complete (Stage (3)).
In air this appears to be greater than 4 
hours, perhaps justifying the 5 hour oxidation found 
necessary for optimum fibre properties by Johnson and 
Watt (8).
rounded pores
ar pores
2e
Fig. 3 .4 . Gharacfuristid variation of lO^with 26*.
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■3.3-2 EVALUATION OF PORE SHAPE
The intensity distribution of the low angle
scatter can be used to give an indication of the shape
of the inhomogeneities. Tchouber-Vallat and Mering
(76) have shown that the shape of microvoids in several
; ^ 4 ■polymer systems can be deduced from the curves of I*0* 
against 2 -G* for diffraction using point collimation 
(or 1-0 J against 2-0- for infinite slit collimation).
Smooth edged voids cause the 1-0-^  value to oscillate 
about its limiting value as shown in figure 3-4. If
A. "
the voids are sharp edged the average Value of 1-0- is 
then less than the limiting value figure 3*4.
Johnson and Tyson (47) used this method to 
show that the pores in carbon fibres were sharp edged 
and from this they inferred that the pores were bounded 
by crystalline planes.
■■■■■■■ ^ 4 ■ ' : ~ ' 'For untreated C our telle the 1-0- against 2-0* 
plot (measured at right angles to the fibre axis) 
shows a variation about the limiting value typical of 
the plots shown by Tchouber-Vallat and Mering for 
rounded-edged pores. Figure 3*5.
This is not unexpected since there is a lack 
of any structural features in P.A.N. that could give 
rise to the plane faces necessary for angular pores. 
Therefore, during the spinning process the effect of 
surface tension would ensure rounded pores.
Oxidation does not cause any change in the pore
_ 4
cross sectional shape - |he I t  against 2*0- plots all 
show rounded pore behaviour for the oxidised series 
(Figure 3.6 and Figure 3.7)#
For the fibre samples oxidised at 220°C for
_ 4 ■
six hours there is an abrupt fluctuation in the I'D* curve.
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These specimens also gave a very high value of Rg 
causing the mean value of Rg at 6 hours to be sig­
nificantly above the general trend. The fibre
specimen either side in the series, 5 hours and 6.5
4hours do not show this rapid variation of I-0- and 
so it is most probably an anomolous result.
(Figure 3.7).
2 *0* (radians*) 
Courielle. I•©'against 2 *0’.
2'0‘ (radians x io ’3)
Courtelle oxidized 3 hours at 220 C.
I •0‘1bgainst 2 &.
2-e-l radians x 10-3)
Fig. 3 .7 . Courtelle oxidized 6 hours at 220 C. 
N I ^againsr 2 -O'.
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3.3.3 VARIATION OF-Rg AND lp WITH CARBONISATION 
TEMPERATURE UP TO 1000°C_______ __
For fibre specimens carbonized above 220°C 
both point and slit collimation cameras were used.
This allowed Rg and lp values to be calculated; 
generally Rg and lp showed good correlation - lp being 
approximately three times the value of Rg.
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Temperature Rg lp
onC nm nm
v . » {
220 0.338 1.115
300 O.32I 1.08
400 0.306 1.18
500 0.432 1.46
600 0.361 1.26
700 0.389 1.32"
800 0.308 1.06
900 0.276 0.93
1000 0.283 0.95
1200
Table 3.2
<*'•1*
(nm)
Ck
X>-
-o
(nm)
0-0
200 600 
H.T.T. ( °C)
1000 1200
Variation of Rg and Ip with Carbonization temperature,
For.oxidized fibres.
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These results are shown in table 3*2 
and plotted in figure 3*8.
The value of the microvoid parameters shows 
an initial decrease as the temperature is raised above 
the oxidation temperature. The increased temperature 
raises the molecular mobility and allows further 
annealing of pores.
This agrees with the interpretation by 
Watt (77)(78) of the step wise evolution from carbonised 
P.A.N. fibres. Watt considers the possible amount of 
bond rotation of the molecule to be controlled by the 
amount of thermal energy available to overcome steric 
interference. Similarly, the annealing out of pores 
is limited by the thermal mobility of the partly 
pyrolysised P.A.N. molecules.
Between 400°C and 800°C the microvoid 
parameters increase, fluctuate and then decrease. This 
erratic behaviour is not observed in any of the other 
structural parameters determined by wide-angle x-ray 
diffraction or by electron microscopy either in this 
work or in the published finding of other authors. 
Therefore the variation of the microvoid parameter is 
unlikely to be caused by purely structural re-arrangement
Thermal coagulation of voids, in a manner 
similar to the aggregation of dislocations in the poly- 
gonisation process observed in metals, could result in 
increased pore dimensions. This mechanism has been 
observed in crystalline polymers (101). If this co­
agulation occurred in response to a stress relieving ' 
mechanism a rise in void size followed by a fall as 
the enlarged voids annealed might be possible. However 
this leaves the second maximum in the void size un­
accounted for.
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Studies of gas evolution from carbonised 
specimens (78)(79) show that considerable amounts of 
gases are evolved from the fibres during carboniza­
tion. Bromley (79) studied the gas evolution of 
fibres for different heating rates. For the closest 
heating rate to the one used in this work (125°C per 
hour), he found that the maximum total gas evolution 
occurred at a temperature of 500°C followed by a 
further peak at 700°C. This variation conforms with 
the variation of the void size. However, both 
Bromley and Watt and Green (77) note a further maxifntftfi 
in the gas evolution around 900°C.
The obvious explanation linking the gas 
evolution maxima and void size maxima is that some of 
the evol v ed gases become trapped in closed pores and 
cause expansion of the voids if the gases are being 
created at a greater rate than they can diffuse out 
through the fibres. Thus tie void size would reach a 
maximum at temperatures of maximum gas evolution. At 
other temperatures, the diffusion rate through the fibres 
would be high enough to disperse any gas build up and 
allow the voids to shrink, thus reducing their surface 
energy. While the model does explain the void maxima 
at 500°C and 700°C there are drawbacks.
The model assumes a high diffusivity through­
out; this is questionable since over this temperature 
range densification and fibre shrinkage are considerable 
(109). Further it is unlikely that the gases would 
have to diffuse out since the level of open porosity 
remains high up to 1200°C. Measurement of thet
size of the open pores (78) shows that up to 700 C ■ 
the pores are of the size of the bulkier evolved gases 
(methane, ammonia aid hydrogen cyanide (77)(110)(ill). 
Above 700°C these larger molecules are not produced 
in any quantity and the void size shrinks, suggesting 
that the escaping gases keep the pores open.
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Finally, chemical (110)(ill), mechanical 
(40)(50) and x-ray diffraction (chapter 4) evidence 
all point to the start of crosslinking of the ladder 
polymer at 500°C; this would serve to make the poly­
mer chain inflexible and hence unable to accommodate 
a void expansion - shrink cycle.
A more likely.mechanism springs from the 
consideration of the chemical processes thought to be 
operating in this regime. The chemical mechanisms 
which give rise to the emission of gases are not precisely 
known but the evidence suggests (77)(110)(111) that 
reaction between adjacent polymer chains, resulting in 
cross linking, are major contributors. These reactions 
are unlikely to occur unless the two ladder polymer 
chains are already close together. Thus the gases are 
not emitted directly from pores but from nearby regions 
of ladder polymer. The ladder polymer chains this 
locally pack more closely and nearby pores are enlarged, 
as illustrated in figure 3.14 . This mechanism would
lead to an improvement in the preferred orientation, 
as observed (pages 81 & 82 ) whereas the void expansion 
model would cause a loss of orientation.
The higher temperature (900°C) gas evolution 
peak is not thought to cause a void size increase 
because the gas evolved (mainly nitrogen) comes from 
substitional sites in the middle of ribbons rather 
than sites near the edge of the ribbons (112).
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3.3.4 EVALUATION OF PORE SHAPE
1-0- against 2 0  plots were made for the 
carbonised series and the shape of the pores deduced 
from the resulting curve profiles in the manner des­
cribed previously. (Examples figures 3-9 - 3.12).
At low carbonising temperatures the pores
are rounded but at temperatures above 700°C angular
pores become evident. For temperatures above 900°C
■ 4
angular pores predominate, with the 10- mean value 
being less than its limiting value. In addition, 
over this range of temperatures the nature of the 
low angle diffraction pattern shows a distinct change.
For oxidised fibres, the point collimated pattern is 
diamond shaped (figure 3*13) similar to that observed 
in many synthetic fibres (26)(10). As the heat treat­
ment temperature increases the diamond pattern becomes 
less definite and the pattern becomes a diffuse ellipse 
about the main beam. Finally for 800°C and above 
the pattern shows the ’dumb-bell* or *fan* shape 
characteristic of the carbon fibres as seen by Ruland
(73) and Johnson and Tyson (46). Ruland (73) has 
noted a similar change in the x-ray pattern for cellulose 
based fibres during carbonization and he interprets 
the appearance of the fan pattern as being the result 
of micropores developing in the fibres. However, the 
evidence of the pore shape evaluation curves supports 
the view that the change in the diffraction pattern is 
due to a change in the shape of existing micropores.
Increasing angularity in the pore cross 
section also agrees with the increase in cross linking 
above 700°C since angular pores will result as atomic 
layer planes grow by cross linking of molecular chains.
3 U
2 9 - (radians)
Oxidized fibres heated to 500 C . '
3*0 £-0 •' 5*0 x10
26- (radians)-------
.1.3.10. Oxidized fibres heated to 600 C. I ^against 2 0 ;
3 2-fr (radians)*
Oxidized fibres heated to ,800 C, 10*against 2 fk
6u X
2-6-t radians)
Fig. 3 .12 . Oxidized fibres heated to 900 C. I ‘©’against 2 ffc
■ beam 
stop
Fig. 3. 13. Schematic diagram o f the scattering from 
round and angular pores.
angular durribell pattern
/
x -ra y
round diamond pattern
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3.4 SUMMARY AND CONCLUSIONS
The low angle x-ray scatter from the fibres 
is due to the presence of microvoids in the precursor 
resulting from the manufacturing process.
These microvoids are elongated along the fibre 
axis but are rounded with no sudden angular surface 
changes. The mean size of the microvoids decreases 
with oxidation time at 220°C. However the rate of 
change of microvoid size does not show a continuous 
trend. Initially microvoid size changes rapidly as 
the increased temperature allows microvoids to anneal 
out. Then once an outer layer of oxidised material 
is established microvoid size decreases exponentially 
with time. The decrease in microvoid size is indicative 
of the degree of cyclisation/stabilisation within the 
fibre. When the stabilisation reactions at 220°C 
have finished (after 5 hours in air) microvoids size 
shows little further change.
Heating the fibres above 220°C during 
carbonization causes further changes within the micro­
voids. Below 700°C the microvoids remain rounded and 
are capable of rapid changes of size. At temperatures
where large amounts of gaseous pyrolysis products are 
evolved, the microvoids show an enlargement contrary 
to the general decrease in pore size during pyrolysis. 
This enlargement does not occur at 900°C, a temperature 
where very large amounts of gas are evolved, because 
by this temperature the fibre consists mainly of com­
paratively inflexible carbon networks. The growth of 
incipient graphitic bas0.1 planes above 700°C results 
in the rounded micropores becoming angular.
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CHAPTER 4 - DISCRETE LOW ANGLE X-RAY DIFFRACTION
4.1 INTRODUCTION
A common feature of the low angle diffrac­
tion pattern of polymeric fibres is a diffraction 
intensity maximum along the meridion. This meridional 
scatter denotes some degree of regularity of diffrac­
tion sites along the fibre axis. The diffraction 
pattern may be well defined and show many orders of 
diffraction as in the case of animal protein fibres, ; 
but in synthetic fibres the imperfect alignment within 
the fibres rarely permits more than the first order to 
be present.
The low angle x-ray diffraction pattern of 
P.A.N. fibres does not show any meridional scattering, 
i.e. there is no structural regularity along the fibre 
axis. This is not unexpected since high angle x-ray 
diffraction evidence has established that P.A.N., in 
both fibre and single crystal forms,, does not have a 
three dimensionally ordered structure being ordered at 
right angles to the fibre axis. However, during 
preliminary experiments for the purpose of microvoid 
evaluation a single diffuse meridional spot was observed 
in partially oxidised Courtelle fibres (figure 4.1)•
The scattering intensity producing this spot 
was very weak and an exposure time of 24 hours was 
necessary to reveal it (cf. for microvoid evaluation 
the exposure time was one hour).
The possibility that this scattering related 
to some structural change occurring during oxidation and 
hence to the structure of the subsequent carbon fibre 
made it imperative to investigate this meridional 
scattering further.
Fig. 4.1 . Low angle X -ra y  scattering from C ourte lle  fibres 
heated at 220 C for Ih .
a, M erid iona l d iscrete scatter;
b, Equatorial d iffuse scatter.
-  54 -
This chapter follows in approximate chronological order 
the experimental investigation of this scattering 
feature.
4.2 RESULTS AND DISCUSSION
4.2.1 Variation of Meridional Scatter with Oxidation 
Time in Courtelle Fibres
Using the standard oxidation temperature of 
220°C tows of Courtelle fibres were heated under con- ,w 
straint in air for increasing times from zero to 70 
hours. No meridional scatter was seen in untreated 
Courtelle, only the diamond shaped equatorial scatter 
due to microvoids and polydispersity which is typical 
of drawn synthetic fibres (figure 4.1b). After 15 
minutes at 220°C a faint meridional streak was visible 
on the small angle pattern. The intensity of this 
streak increased to a maximum at 1.5 hours (figure 4.2a) 
but decreased after longer times and finally disappeared 
for heating times greater than 16 hours (Table 4.1).
The mean position (intensity maximum) of the spot could 
be measured fairly simply for the shorter oxidation 
times but the weak diffuse nature of the diffraction 
made precise measurement impossible. Similarly, the 
size of the spot was difficult to estimate for the 
longer oxidation times. However, over the range 
measured (15 minutes - 6 hours) the mean position and 
the size of the spot remained constant and no dif­
ference was apparent in the visually compared photo­
graphs. Using the Bragg equation (n \ = 2 d sin "fr ) 
the position of the spot corresponds to a mean spacing 
of 10.0 nm and from the4Scherrer equation the breadth 
of the spot gives the calculated width of the scattering 
unit as approximately 6.0 nm. Spots of a similar spacing 
were seen in specimens of Courtelle heated at 225°C 
without constraint. In these fibres shrinkage did occur 
but the maximum diffraction intensity also again was 
found after 1.5 hours oxidation.
bg. 4 .2 . Low angle X -ra y  scattering patterns from heat treated 
polymer fibres.
a, C ourte lle  heated in a ir  for *1 .5 h  a t 220 C
b, C ourte lle  heated under reduced pressure
for 1 h at 220 C
c, Dralon T heated in a ir  for 4h at 220 C
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For these experiments 10,000 fibre tows of 
Courtelle had been used. To check if the size of the 
tow could in any way influence the diffraction pattern 
from reduced tow specimens of 1.5 hour oxidised fibres 
were examined. Reducing the number of fibres did not 
affect the spacing of the pattern produced except that 
very small numbers of fibres reduced the intensity of 
scattering and required more care in aligning the 
specimen in the camera.
4.2.2 The Meridional Scatter from Courtelle Fibres 
heated in vacuum_____________ ■ ,. ■ . ■ ■ . ‘ ■ ■
Coutelle fibres heated at 220°C in a dynamic 
vacuum of approximately 10 torr were also examined. 
Discolouration of the fibres was retarded and comparison 
of infra-red spectra (82) shows that similar chemical 
processes occur In both cases but at a much slower rate 
under reduced pressure. This is in agreement with 
Watt’s observation (36) that a reduction in oxygen 
pressure slows down the degradation process. The 
small angle scatter showed a decrease in the intensity 
of the meridional streaks but their location and size 
were similar to those of air pyrolysed Courtelle. The 
appearance of the spots was delayed (appearing after 
one hour) and they took longer to disappear (23 hours 
instead of 16 hours in air heated Courtelle).
4.2.3 The Meridional Scatter from Dralon T Fibres and 
from Polyacrylonitrile Fibres
For comparison with the co-polymer Courtelle 
fibres of Dralon T and laboratory prepared polyacrylo­
nitrile fibres were heated treated for similar times 
at 220°C. Dral on T is* reported to be P.A.N. homo­
polymer (64) and infra-red spectra showed no co-polymer 
(83). These fibres have an irregular cross section 
(mean diameter 12.5 urn), slightly smaller than Courtelle 
(14 um/diameter).
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The small angle scatter from Dralon T does show meridional 
peaks (figure 4.2c). This suggests that the presence 
of a co-polymer is not necessary for macro-ordering hut 
it may influence its period because the calculated 
length of the scattering unit in Dralon T is greater 
(16.3 nm) than that of Courtelle (9.8 nm). This 
difference in the size of the scattering unit between 
Courtelle and Dralon T may also be due to the difference 
in stretch ratios of the fibres; Courtelle is believed 
to have a stretch ratio of 13 whereas that of Dralon T 
is believed to be 5 to 7V The lower stretch ratio of 
Dralon T may lower the number of nucleation sites for 
the scattering units, thus giving fewer - but larger - 
units with increased spacing between them.
The other group of P.A.N. homo-polymer fibres 
examined were laboratory prepared with a stretch ratio 
of 10.5 and a circular cross section of mean diameter 
7 urn. After heat treatment in air at 220°C for various 
times there was no sign of meridional scatter from 
these laboratory prepared fibres. Tyson had shown 
(■34)'. that the intensity of the meridional peak is 
strongly affected by temperature; hence for these fibres 
heat treatment at a different temperature than 220°G 
might have produced meridional scatter. This possibi­
lity was examined; homo-polymer gibres were heated in 
air at temperatures of l80°C, 200 C, 240°C, 265°C and 
285°C for periods of 1 and 5 hours but no meridional 
scattering was observed 'in any of these specimens.
The smaller diameter of these P.A.N. fibres 
(7 um) compared with Cqurtelle fibres (15 urn diameter) 
suggested that fibre diameter might influence the 
meridional scatter. However, using P.A.N. homopolymer 
fibres with mean diameter 14 um did not produce any 
meridional scatter.
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TABLE 4.1
SUMMARY of the incidence of meridional 
scattering in oxidised fibres
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In addition Courtelle fibres which had 
been respun to a mean diameter of 8 mm did show 
meridional scatter during oxidation (Table 4.1).
4.2.4 Summary of Observation and Comparison with
Established Interpretation of Meridional Scatter
At this stage in the investigation the facts 
that had emerged from the experiments were:-
(i) Oxidation of P.A.N. based fibres at temperatures 
above 200°C can produce changes in the fibres which give 
meridional streaks on the low angle x-ray diffraction 
pattern.
(ii) Continued oxidation results in the disap- ■
pearance of the meridional streak.
(iii) Oxidised Courtelle and Dralon T fibre give 
meridional scatter (but homopolymer P.A.N. fibres do 
not).
(iv) The Bragg spacing corresponding to the streaks
is different in Courtelle (^ 10 nm) and Dralon T (~ 16 nm),
(v) Changing the diameter of the fibre did not
affect the spacing or the incidence of meridional 
scattering.
The preliminary conclusions drawn from these 
results were reported in a letter to Nature (84)
(Appendix 1).
This information was compared with prior 
investigations of meridional scattering from synthetic
fibres. A single diffuse meridional reflection is 
characteristic of most synthetic fibres of which only 
the first order is present. (If more than one streak 
is present they correspond to different Bragg spacings)•
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This means that considerable disorder is present and 
paracrystalline diffraction theory predicts only one 
order present when the relative deviation from per­
fect crystallinity is 25$ - 35$.
The Bragg spacing calculated from the dif­
fraction does not relate to chemical or crystal structure 
periods which rules out the existence of a super lattice.
Another common feature of this type of 
diffraction pattern is that the meridional reflection 
is a horizontal streak; not an arc which would be 
the result of a range of orientations about the fibre 
axis. It has been shown (86) that the length of the 
streak is inversely proportional to the transverse 
dimension of the scattering unit. The Scherrer equa­
tion for diffraction broadening has been applied to 
the meridional scattering. If used in the form
L = K X
B o C O $ - 0 -
where L = dimension of scattering unit, BQ = breadth 
of reflection, X = wavelength, -0- = angular displace­
ment of reflection streak and K £ 1 , the Scherrer
spacing is slightly smaller than the Bragg spacing. 
Statton (26) from work on single polymer crystal mats 
suggests that the Scherrer spacing gives the true 
longitudinal crystallite size and the Bragg spacing 
for fibres included an amorphous region between 
areas of crystallised polymers.
*
The existence of blocks of crystallised ■ 
polymer, called lamellae, is the generally accepted 
explanation (87)(88) for the meridional reflection 
from synthetic fibres. This has been supported by 
work on single polymer crystals (89)(90), electron 
microscopy (91), optical microscopy (92), annealing 
of fibres (93) and selective etch treatments. The
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The lamellae are usually about 10.0 nm thick and can be 
many microns in width. Since the polymer chains are 
at least 100 nm long and are arranged normal to the 
plane of the lamellae either chain folding occurs or 
many separate molecules are involved in each lamella, 
or a combination of both of these.
If the polymer is heated above its glass
transition temperature but below its M.P. (annealed) 
then the extra energy of the molecules should allow 
further rearrangement to take place and hence permit 
changes in the lamella structure to take place. 
Annealing of polymer fibres shows an irreversible 
increase in the spacing of the lamellae and a sharpen­
ing of the reflection. With P.A.N. the glass 
transition temperature and melting point are greater 
than the temperature at which the polymer starts to 
degrade. Thus the fibre can only be made by precipita­
tion from solution followed by a brief period at a
temperature above 110°C for hot stretching. If
crystallisation (lamella formation) could occur in 
P.A.N. the energy required to re-arrange the molecules 
would not be available at these comparatively low 
temperatures but there might be sufficient thermal '
energy at 220°C, the oxidation temperature. The 
oxidation process forms a thermally stable ladder 
polymer in which molecular rearrangements would be 
difficult; however the oxidation process is not 
instantaneous and so it is possible that the elevated 
temperature allows a transient lamellar structure to 
occur.
*
Several approaches to determining whether, 
lamellar exist in oxidised P.A.N. fibres were possible; 
all were based upon methods used with other polymers.
Keller (94) was able to show the lamellae 
structure in polyethylene fibres by an etching process. 
Hot nitric acid attacked the amorphous regions more 
rapidly than the ordered lamellae thus revealing the 
arrangement of the lamellae by selective etching. To 
use this method with P.A.N. required an etchant which 
would not affect the structure or chemical state of 
the fibre. P.A.N. is very insoluble normally and 
oxidation increases the fibre resistance to attack 1d 
the point where it becomes insoluble. Fibres which 
had been oxidised for 1.5 hours (maximum meridional 
scatter and hence maximum lamellae if they exist) were 
subject to various etching treatments listed on the 
following page.
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TABLE 4.2 Selective etch treatments of 
P.A.N. and oxidized fibres.
Etchant
Dimethyl Formaldehyde 
(D.M.F.)
1) D.M.F.
2) Concentrated Nitric Acid
3) Diluted Nitric Acid
Process
Immersion at room tempera­
ture for increasing times 
from 30 seconds up to 3 
months.
1) Immersion at 20 C, 40 C, 
80 C and boiling for 
30 seconds, 60 seconds 
and 5 minutes.
2), 3) and 4) the same 
as 1).
4) Concentrated Sodium Hydroxide
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The only visible changes that occurred in 
the fibre were shrinkage and kinking in the fibres 
during boiling, and, in addition, very hot nitric acid 
caused swelling of the fibres. After ’etching* the 
fibres were washed in distilled water and examined in 
the S.E.M. This examination did not reveal any etching 
or even polishing of the fibre surface by any of the 
methods used. Thus this line of investigation did not 
support or refute the existence of lamellae in oxidised 
P.A.N. fibres. ^
Another approach successfully employed with 
other polymers is annealing the fibres at temperatures 
above their glass transition temperature (Tg) which 
enables lamellar structures to form and grow. However, 
heating P.A.N. fibres under normal conditions at suit­
able temperatures above Tg results in degradation of 
the fibre (oxidation) which has already been shown to 
result in the eventual destruction of the meridional 
scattering unit. Hence any attempt to anneal P.A.N. 
fibres would not increase the frequency of size of 
any possible lamellae. However, it has been shown by 
Hinrichsen and Orth that it is possible to anneal and 
melt P.A.N. by using very rapid heating in liquid 
metal baths (95). It appeared that at the high heating 
rates and over the short times at temperature physical 
changes were possible but chemical degradation did not 
occur. By using a similar method it might be possible 
to determine whether the meridional scatter was caused 
by a degradation process or by a physical rearrangement 
at high temperatures.
*
Two types of fibres were useds unoxidised•
Courtelle and 1 hour at 220°C Courtelle. Small lengths 
of tows Z 1*' were sealed inside aluminium foil pockets. 
Rapid heating was achieved by plunging the packets into 
salt baths heated to temperatures above 315°C and then
quenching the packets into cold water after the required 
time. ;■
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At 335°C the Courtelle fibres were found to be 
degrading after only five seconds immersion. The 
temperature of 315°C was more satisfactory; immer­
sion times up to 20 seconds were possible without 
excessive degradation of the fibre (degradation being 
judged by discolouration of the fibres). Ten seconds 
at 315°C were sufficient to fuse together the raw 
Courtelle fibres but the oxidised fibres appeared un­
affected by any of the heating cycles. After heating 
the samples were examined by wide and low angle x-ray 
photography and the results are summarised in Table 
4.3. . ■ v
Examination of this result shows a failure 
to produce meridional scattering in the unoxidised 
Courtelle and no change in the meridional scatter of 
the oxidised Courtelle. But, the wide angle results 
show that the rapid heat and quench has totally des­
troyed the preferred orientation of the oxidised 
Courtelle without destroying the low-angle meridional 
scatter. This result will be discussed at greater 
length later but initially it is possible to explain 
it in terms of a two phase sheath and core structure 
of the fibre. Degradation takes place from the outside 
thus after one hour the fibre has a stabilised outer 
sheath with unaffected core. If the meridional 
scattering unit is contained in the outer shell then 
rapid heating up to 315°C could melt the inner core 
thus destroying the preferred orientation of the bulk 
of the fibre without affecting the low-angle scattering 
pattern.
If this model is correct then the meridional 
scatter arises from a structural feature in the outer 
layer of the fibre. Using the ion bombardment 
technique for preparing bundles of thinned fibres 
(2.6), the outer layers of some samples of oxidised 
fibres (1 hour - 220°C) were removed in stages.
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After each stage the fibres were examined for low 
angle meridional scattering. After the fourth stage 
of thinning no meridional scatter was observed. The 
diameter of these fibres had been reduced from a mean 
of 13 urn to a mean of 10 urn. Examination of these 
fibres in the scanning electron microscope showed 
that the thinning had taken place uniformly without 
any great deviation from the circular cross-section 
of the original fibre.
This final experiment seems to establish that 
the structural feature responsible for the meridional 
scatter lies in the outer layer of the oxidised fibre.
Hinrichsen (96) in a similar investigation 
of the small angle scatter of P.A.N. discusses two 
possible causes of the meridional scatter:
(1) The chemical thermo-oxidation changes within 
the fibre proceed selectively i.e. specifically either 
within the more ordered or less ordered regions. The 
chemical changes increase the differences in electron 
density between the two phases which in turn leads to 
increased intensity of the meridional scatter.
(2) P.A.N. in common with other semicrystalline 
high polymers when annealed close to its melting point 
undergoes an intensitive development of a two phase 
structure. The resulting lamella, surrounded by
amorphous regions, would give increased scattering 
intensity.
In Hinrichsen*s opinion his work furnished ‘insufficient 
evidence to decide which of the two processes was res­
ponsible for the structural change*, but his evidence 
favoured the preferential attack of one of the phases 
highlighting an existing structure within the fibre.
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The results of these experiments support 
this preferential attack mechanism. Discussing the 
main points in turn:
(1) After its initial increase the intensity of
the meridional scatter decreases with oxidation time - 
in time all the fibre is degraded leaving zero electron 
density difference between the phases.
(2) Reduced air pressure delays the appearance
and slows the disappearance of the meridional scatter -
less air means less oxygen and so the whole degrada­
tion cycle must proceed at a slower rate.
(3) Rapid heating sufficient to melt undegraded
polymer did not affect the meridional scatter from 
partially oxidised fibres. Since the meridional 
scattering structure only appears after it has degraded 
(i.e. thermally stabilised) it would be unaffected by 
heating to 315°C.
(4) The meridional scattering structure is con­
tained within the outer layer of the fibre. Preferen­
tial oxidation will proceed from the outside inward 
hence the meridional scatter occurs from this outer 
layer. However, with increased oxidation time degrada­
tion in the outer layer should be complete and any 
meridional scatter should arise from the centre of the 
fibre. Since at 1 hour the meridional scatter arises 
from an outer layer 1.5 nm thick, the decline in 
meridional scatter with oxidation time in excess of
lj- hours points tb the^non development of the meridional 
scattering structure in the centre of the fibre. •
There are a number of possible reasons why 
the structural development of the centre is different; 
owing to its different environment the degradation 
chemistry of the core will be unlike that of the sur­
face layer, the greater time at high temperature before
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before oxygen diffuses inwards may allow greater 
rearrangements of the centre and there may also be 
differences or orientation of the sheath and core 
incurred during manufacture of the precursor.
Layden (97) proposes a theory of core formation during 
oxidation which attributes coring to internal melting 
resulting from the build-up of heat in the fibres due 
to the exothermic nature of the oxidation reaction. 
However, when the fibre centres were intentionally 
melted in the rapid heating experiments the wide angle- 
x-ray pattern showed a dramatic loss of preferred 
orientation within the fibre. A similar loss of orienta­
tion was ndb observed in the normally oxidised fibres.
While all the three mechanisms suggested 
above may play a part in limiting the development of 
meridional scattering structure in the centre of the 
fibre, the existence of a highly orientated rim in the 
precursor fibre is probably the most important. The 
early appearance of the meridional streak on oxidation 
and the results of tensile testing analysis (6.3*2) 
favour this interpretation.
Thus the preferential attack model seems to 
be in accord with the experimental evidence. If 
correct this model means that a polymer superstructure
consisting of regions of greater and lesser degrees of 
order, becomes a permanent feature of the degraded 
fibre; lack of electron density differences between 
the two phases masking their appearance in x-ray and 
electron diffraction techniques. The possibility of a 
two phase structure must be borne in mind when the 
experimental evidence from carbonised and pyrolysised 
fibres is examined.
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4.3 SUMMARY AND CONCLUSIONS
The low angle x-ray scattering pattern from 
P.A.N. fibres shows a transitory meridional streak 
during oxidation. Its appearance is probably due to 
preferential oxidation contrasting a lamella type struc­
ture already existing in the precursor. This meridional 
streak disappears as the oxidation process reduces 
electron density differences between ordered and un­
ordered regions although the structure may still exist.
Experiments show that this structure giving 
the meridional scatter only exists in the outer layer 
of the fibre - suggesting a two phase - two zone fibre 
structure.
The appearance of the meridional streak is 
dependent upon precursor processing precursor content 
and subsequent heat treatment temperature. The co­
polymer content of Courtelle fibres seems to increase 
the degree of meridional scattering.
Fig. 5 .1 . W ide angle X -ra y  d iffra c tio n  pattern from 
C ourte lle  fibres . Complete rings are from 
Thallous Chloride used to ca lib ra te  camera.
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CHAPTER 6 - WIDE ANGLE X-RAY DIFFRACTION
5.1 Changes during the oxidation stage
5.1.1 Observations on the intensities of the various 
_________reflections
Summarising an earlier discussion on the 
structure of-P.A.N. (pages 4 - 8), in fibre form P.A.N. 
consists of helical molecular chain packed rod-like 
along the fibre axis. The rod-like character of the 
molecules is a result of strong dipole forces both intra 
and inter molecule; these forces prevent the develop­
ment of three dimensional order.
The pattern of x-ray diffraction from the 
precursor fibres showsihe features to be expected 
from such a structure (figure 5.1). Two equatorial 
arcs indicate the trans-fibre ordering and the lack of 
any meridional diffraction shows the absence of order 
along the fibre axis. The absence of any amorphous halo
shows that the ordering that exists is highly developed.
The two equatorial arcs correspond to spacing 
of 0.51 nm and 0.301 nm. Work on single crystals of 
P.A.N. has shown the molecules to be separated by dis­
tances of 0.501 nm and 0.54 nm in an orthorhombic stack­
ing pattern. The single spacing of 0.51 nm in the 
fibre pattern may be due to either an overlap of the 
two diffraction peaks or the result of the coagulation 
and condensation processes inhibiting the well ordered 
packing of the molecular chains.
The elevated temperature of the fibres during 
oxidation might be expected to permit further ordering 
of the molecular chains and thus allow the highly 
stressed metastable structure of the fibre to trans­
form gradually into less energetic single crystal 
structure.
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If this occurred then it should be possible to discern 
a double intensity peak on the wide-angle pattern corres­
ponding to the 0.501 nm and 0.54 nm spacing of the 
orthorhombic structure. However on the fibre pattern 
the 0.51 nm reflection intensity profile remains very 
sharp and definite throughout the oxidation treatment; 
at no stage was a double diffraction peak observed.
This is not surprising since the P.A.N. molecule has so 
little freedom of movement that it degrades on heating 
rather than melting; the P.A.N. molecule requires the 
high mobility of the solute state before it can achieve 
the limit degree of three dimensional order found in 
single crystal strueture.
As oxidation proceeds the 0.51 nm ((100) 
polymer) spacing remains constant but the intensity of 
the reflection diminishes until it disappears after 
9 hours oxidation at 220°C. Obviously the chemical 
changes brought about by oxidation destroy the mole­
cular groups responsible for maintaining the 0.51 nm 
spacing between the chains either by creating new mole­
cular chains with different spacings between them or 
by the destruction of any regularity from the structure. 
The latter possibility can be discounted in light of 
the other changes that occur in the diffraction 
pattern.
Heat treatment of Courtelle at 220°C under an 
inert atmosphere (argon) or in reduced air pressure 
results in a decrease in the rate of disappearance of the 
(100) polymer spacing. Since it has been established 
by several authors (35)(17)(99) that the removal of 
oxygen during the low temperature stabilisation of the 
fibres results in a decreased rate of stabilisation it 
can be inferred that the 0.51 nm spacing occurs in un­
reacted polymer; this supports the earlier supposition. 
Further, the presence of a (100) polymer reflection may 
be taken as an indication of incomplete stabilisation.
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The other feature of the wide angle diffrac­
tion pattern is an equatorial reflection corresponding 
to a spacing of 0.301 nm. This is a very weak reflec­
tion and with oxidation it becomes lost as a new reflec­
tion from a spacing of 0.344 nm emerges. This new 
reflection is diffuse and increases in intensity with 
oxidation so much so that after 2 hours oxidation the 
original 0.301 nm arc becomes indistinguishable in the 
broad shoulder of the new reflection. It was pointed 
out by Rose (99) that this new arc corresponds to a 
structural spacing that will ultimately indicate the 
"graphite" layer planes in the carbon fibres and may 
thus be termed the (002) arc even though the presence 
of carbon layers is unlikely at these low temperatures.
This new reflection indicates a structural 
feature created by the oxidation process (the absence 
of oxygen during heating again delays the changes).
The increase in the intensity of this reflection with 
the simultaneous decrease in the (100) polymer reflec­
tion suggests that the new structure giving the (002) 
arc results from the destruction of the 0.51 nm polymer 
structure. Thus the intensities of the two reflections 
are interdependent; the changes that remove one struc­
tural feature result in the development of a new structure. 
A similar conclusion was formed by Bacon and Tang in 
their studies of the oxidation of rayon fibres (2).
5.1.2 Int e rpr e t at i on
Assuming the intensity of the diffracted 
beam to be directly proportional to the amount of material 
contributing to the diffraction and the scattering 
factor of both structures to be equal, then it is pos­
sible to formulate a simple model predicting how the 
intensities of the two arcs are interrelated. The ratio 
of the two intensities is used since it avoids an absolute 
measurement; the values of the ratios are given in 
Table 5.1.
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Model 1 : Volume of (002) structure increasing linearly 
with time
I(002) t ~ K*
1(002)  ^ = Intensity of (002) arc at time t.
K = constant of proportionality.
Since the (002) structure increases by the destruction 
of the 0.51 nm spacing
I(100) t = I(X00) 0 ~ Kt*
1(100)  ^ = Intensity of 0.51 nm spacing at time t
I/10o\ o = Intensity of 0.51 nm spacing at theAi-uu; u start.
Thus
I(100) t I(0.51) 0 l
I(002) t K
and the graph of -I(iop) ■' aSainst 1
I(002) t
should give a straight line.
(100)
(002)
0 . 5 £• O
1 / 1 (hours**1 )
(100) plotted against 1 / 1
' ‘(002)
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Model 2 : The volume of (002) structure increasing 
 _______ exponentially with time
K t1(002) t = A e 1 A and K-^  are both constant.
Thus
K t
I(100) t = I(100)0 - A e 1
Giving
—K t
(100) t •'•(100)0 e 1 _1
I(002) t
•~Kt
I(100) t + 1 = I(100)0 e
I(002) t A
Thus a plot of log | 1^  p^o ) t + ^ j should give a
< 7 “"--------- i( (002) t )
straight line with a negative gradient.
log
 
'(
10
0) CNOo
0 53 4
Time (hours)
Fig. 5 .3 . log ^(100) ' *+• 1 plotted a gainst Time.
’(002)
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As can be seen from the two graphs both show 
reasonable correspondence to a straight line over part 
of their range and on this evidence there is little to 
suggest which model is correct. However, the logarith­
mic plot (figure 5.3)does show very similar behaviour 
to the logarithmic plot of Rg against oxidation time 
(figure 3.3). Both display a straight-line portion over 
the middle oxidation period (between 1 and 4 hours) and 
a change to a much shallower slope for extended oxida­
tion (greater than 4 hours). Thus it is highly likely 
that the rate of change in these two parameters, low 
angle, Rg, and high angle intensity peak ratio, is 
controlled by a common factor and that the relative 
value of these parameters indicates the degree of 
stabilisation in the precursor fibres. As discussed 
in chapter 3 the rate controlling factor in the stabilisa­
tion process is apparently the diffusion of oxygen into 
the fibre.
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TIME (HOURS)
X
2
1
it .v;
2
3
4
5
I(0.51)/,I(0.31)
5.17 
4.72 
3.49 
2.29 
1,46 
1.35 
1.162
Table 5.1
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5.1.3 The Variation of Preferred Orientation of the 
Fibres during Oxidation
The angular spread of the diffraction acrs 
was measured by densitometry of the wide-angle photo­
graphs and the preferred orientation calculated from 
the resulting intensity profile. The orientation 
quoted is the conventional Z value; Z being the angular 
width in degrees of the half maximum peak height inten­
sity. The Z values for the oxidised fibres are 
shown in figure
The Z (100) value which represents the 
orientation in the unreacted polymer shows an initial 
decrease (increased preferred orientation) followed 
by a gradual increase after one hours oxidation. The 
Z (002) arc can be measured after one hours oxidation 
and this shows an initial increase and then remains 
constant (figure 5.4).
Fibres heated in vacuum show a similar orienta 
tion behaviour to oxidised fibres except the preferred 
orientation starts to decrease earlier and after the 
five hours heat treatment the final Z value is greater, 
i.e. less preferred orientation of the fibres.
The heating of unrestrained fibres results 
in a loss of any preferred orientation because the 
increased temperature allows the molecules to relax 
from their thermodynamically unstable hot-stretched 
c onf igurat i on.
Restraining ^ the fibres during oxidation 
attempts to prevent this relaxation and might be . 
expected to increase the orientation since the tension 
developed in the restrained fibres on heating results 
in stress annealing and alignment of the molecular 
chains in the direction of stress. However experi­
mentally the Z(002) orientation improves at first but 
then worsens.
24
20
26
(100)
(degrees)
12
8
4
0
2 43 5
Time (hours)
Fig. 5 .4 . Courtelle oxidized at 220 C
Variation of angle with Time.
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This decrease in the orientation coincides with the 
decline of the low angle meridional scatter. Thus 
at this point something has happened which permits 
realignment of the molecules. At constant tempera­
ture this change is possibly a decrease in the stress 
level within the unreacted polymer. This may arise 
as a result of stress transfer onto the reacted polymer 
chains; a sheath of reacted material builds up along 
the fibre length between the ends of the fibre res­
traint frame. Within the supporting sheath the inner 
core becomes relatively free and further heating enables 
unreacted polymers to rearrange within the protective 
outer support. This interpretation agrees with ob­
servations of stress levels within fibres during oxida­
tion (100).
The almost constant value of 2 from the (002) 
indicates tie stability of the reacted polymer phase. 
Comparing the value of 2 (002) with the orientation of 
the polymer there is a difference of 6°. This could 
either be due to non-specific re-orientation of the 
polymer as part of the reaction process or due to the 
formation of a structure with a definite non-axial 
orientation. The latter possibility is most unlikely 
since non equatorial intensity peaks were never ob­
served in any of the wide angle patterns from oxidised 
and carbonised specimens.
5.1.4 Line Broadening of the Diffraction Arcs
The broadening of the diffraction arcs is 
to some extent due to the size of the diffracting unit. 
Thus it is possible to*obtain a measure of the size of 
the diffraction unit; using the 002 arc the dimension 
of unit in the C- direction (referring, as the (002) 
notation does, to the ultimate graphite structure).
This dimension Lc is plotted against oxidation time in 
figure 5.5.
i L - j -  ii , , i . .  I . I , li^ I , I
1 . 2  3 4- (
Time ( hours )
.Fig. 5.5. Variation'of Lc w ith ‘ Oxidation Time.
• .i ■'* ■
’ * ■ " *
^  . . . »  . .
’ *
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The Lc value remains practically constant around 
0.7 nm even though the amount of material contributing 
to the 002 arc increases throughout oxidation. This 
indicates that the growth in the (002) arc is due to 
more of the polymer undergoing conversion rather than 
the growth of existing (002) regions.
The value of Lc corresponds to an average of 
three 002 layers stacked for diffraction unit. This 
is very small but does not preclude the presence of 
regions in which greater number, of planes are stacked 
together. t
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X-RAY DATA (WIDE ANGLE) '
TIME AT POLYMER CARBON % (002) g (lOO) Lc
220 C SPACING (002) VALUE VALUE
(100) SPACING
HOURS nm nm DEGREES DEGREES nm
0 0.516 - - 15°
1 0.51 0.344 TOO PAINT 14°
1 0.51 0.344 21° 13° 0.69
lj 0.516 0.344 22° 0.71
2 0.51 0.344 22° 15° 0.79
3 0.52 0.344 22.5° 15.5° 0.73
4 0.516 0.344 23° 17° 0.71
5 0.51 0.344 22.5° 20° 0.70
6 0.51 0.344 0.70
16 VANISHED 0.389 0.52
70 VANISHED 0.344 0.54
UNRESTRAINED 6.03 0.344 0.86
5 hr. .
OXIDATIONTable 5.2
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JVIJNAL nUiAT
TREATMENT
TEMPERATURE
(002)
SPACING
£ (002) 
VALUE Lc
(°c) (nm) DEGREES nm
220 0.344 22 0.7
300 22.5 0.75
400 22.5 0.75
500 0.339 23 0.87
600 0.344 24 0. 99
700 0.342 24 0.99
800 0.344 23
900 0.348 20 0.98
1000 0.348 17.5 1.07
1100 0.344 1.10
1200 0.363 16 1.20
1300 0.344 15 1. 24
1400 0.344 14 1.45
1500 0.344 13.5 1.66
1600 0.341 12.75 1.78
1700 0.339 9.25 1.79
1800 0.339 1.80
1900 0.341 6.5 1.87
2000 0.341 5.0 2.04
2100 0.339 3.183
2200
2300 0.341 5.0 4.35
CARBONIZED FIBRES - X-RAY DATA 
Table 5.3 *___________
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5.2 CHANGES DURING CARBONIZATION
The early stages of carbonization 
produce changes in the x-ray pattern from the fibre.
The polymer (100) arc swiftly disappears (300°C) and 
is replaced by a faint (100) arc; the (002) carbon arc 
remaining persistently strong. The lack of any other 
reflections means the structural development of the 
carbon phase is very limited probably to narrow sheets 
(ribbons). Above 500°C a weak (110) diffraction arc 
does appear suggesting a move towards a more graphitid 
stacking structure. Despite the considerable chemical 
changes occurring in the 200°C to 1000°C range the layer 
spacing calculated from the (002) arc shows little 
change; it decreases to 0.339 nm at 500°C from 0.344 nm 
at 220°C. This is followed by a small increase to 
0.348 nm at 1000°C. The size of the layer spacing is 
probably the mean of several different carbon layer 
structures; the various chemical degradation mechanisms 
would each produce differing intermediate compounds 
which then give different turbostratic carbon forms.
Above 1000°C, as the more persistent non-carbon species 
are driven off the (002) spacing decreases to and then 
remains at 0.344 nm to 1500°C followed by a further 
decrease at 1600°C to 0.341 nm. Between 1600°C and 
2300°C the mean value oscillates about 0.340. Since 
the size of the oscillation is small (* 0.01 nm) it 
could be experimental error. However the values at 
1600°C, 1800°C and 2100°C were checked again with a 
lithium chloride standard (see Experiment Section) and 
gave the same results. This fluctuation in the layer 
spacing is difficult to explain. The specimens were 
prepared by the same method differing only in their 
final temperature. The x-ray technique employed was the 
same throughout - each fibre pattern the result of 
diffraction from thousands of fibres and yet the result­
ing mean layer spacing shows this slight oscillation.
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5.2.1 Variation in Orientation Angle with Heat 
Treatment Temperature
As the fibres are heated above 220°C 
the preferred orientation changes (figure 5.6). Up to 
800°C the & value increases slightly from 22° at 220°C 
to 24° at 750°C. Since there are rapid changes occur­
ring in the chemistry of the fibres, with the condensa­
tion of solid residue and the evolution of diverse 
gaseous compounds, the marginal change in the g° value 
indicates the effective stabilisation of the macro­
structure produced by the low temperature oxidation.
Above 900°C the g° value decreases proportionately with 
temperature.
An improvement in the alignment of 
the carbon layers, shown by a decrease in the % value, 
should increase the fibre modulus. This does happen 
as shown in figure 5.7. Once the fibres are heated 
about 800°C the 2 value and Youngs Modulus shows a strong 
inverse correlation. The results do show a slight 
discontinuity around 12.5°&; this discontinuity is 
almost insignificant except it corresponds Jo a heat 
treatment temperature in the region of 1500 C. Around 
this temperature several other parameters (40)(42) 
show a discontinuity and fibre strength reaches a 
maximum. Thus the break in graph is a further indica­
tion of a change in the fibre structure at this point.
5.2.2 LINE BROADENING OF THE DIFFRACTION ARCS
In order to achieve continuity with 
the oxidation measurements the line broadening of the 
(002) arc was used to calculate Lc, the c-axis dimension 
of the carbon ‘crystallites1, for carbonised fibres.
The calculation of the mean crystallite dimension along 
the carbon plane, La,is possible from the (100) arc; 
however, as the (100) arc is a later development in the 
diffraction pattern and the original intention of the
Fig. 5 .8 . Growth of JLcwith Heat treatment temperature.
OW- ‘i
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the work was to follow changes in the fibre structure 
throughout the whole processing cycle, measurement of 
line broaden of the (100) arc was not carried out.
This is arguably a narrow viewpoint but with hindsight 
ones horizons always broaden. La values would have 
provided a useful correlation for low-angle parameter 
as Johnson and Tyson found.
Above 220°C Lc increases from 0.7 nm 
to 0.99 nm at 600°C, this represents an increase from1' 
three to four in the average number of carbon layers 
stacked together. From 600°C until 1000°C Lc remains 
constant. Above 1000°C Lc gradually increases to 1.78 
nm at 1600°C; at this point the rate of increase drops 
sharply until 1900°C when Lc begins to increase rapidly 
with temperature. Figure 5.8 shows this variation- of 
Lc with temperature.
This clearly shows three regions when 
Lc is increasing (-220 - 600°C), (1000 - 1600°C) and 
1900°C upward. The rate of increase of Lc in each of 
these regions shows a progressive increase with tempera­
ture as might be expected with the increased amount of 
thermal -energy available at each stage.
The first increase in Lc up to 600°C 
occurs when the polymer degradation is at its highest; 
as more polymer degrades more carbon layers are formed. 
Some of these will be in line with existing layers 
giving increased stacking order. After 600°C degrada­
tion of the fibre continues but in such a way that La 
of the carbon crystallites does not increase. This 
means that the non-carbon elements present at 600°C 
must be incorporated in the structure in such a way 
that their exodus during pyrolysis does not affect the 
layer structure. Alternatively the carbon formed during 
the latter stages of pyrolysis does not contribute to 
the layer structure. Johnson and Tyson estimate 30$ 
amorphous carbon at 1000°o.
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The second increase in Lc above 1000 C is
similar to increases in the tensile proporties and 
orientation angle observed at these temperatures.
However, only La remains constant between 1600°C and 
1900°C, between 1600°C and 1900°C tensile modulus and 
orientation angle increase after a slight change of 
rate at 1500°C and tensile strength declines.
A similar pause in:,the Lc increase at the same 
temperatures is shown by Marjoram and Tyson (69) but 
they do not comment upon it. Possibly a Lc of 1.78 nm 
(6 carbon layers) represents the .mean maximum stacking 
possible with the structural re-arrangement processes 
operational below 1900°C. The temperature of 1900°C 
represents a transitional temperature; above this 
temperature much freer movement of layer planes is 
possible. Johnson and Tyson observed a discontinuity 
in their low-angle diffraction parameters at this 
temperature which they ascribe to the breaking of cross 
links. Further evidence suggesting greater freedom of 
movement above 1900°C is that P.A.N. based fibres cannot 
be hot stretched below this temperature.
Above 1900°C Lc increases rapidly; at a faster 
rate than either the orientation angle or tensile 
modulus. As Lc does not follow the same variation as 
the other structurally related factors over the whole 
temperature, Lc size may represent only part of the 
whole fibre structure. A significant proportion of 
non-stacking (amorphous carbon or highly distorted 
turbostratic graphite) must be present at all stages 
in order to mask the stpp-go development of Lc. Above 
1900°C many layers that were almost in stacking register 
are able to move causing the rapid increase in Lc.
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5.3 SUMMARY AND CONCLUSIONS
Below 2000°C the wide angle x-ray diffraction 
pattern does not show the presence of a significant 
amount of three dimensional order. During oxidation 
of the fibre, the polymeric diffraction peaks are 
gradually replaced by the ’carbon* peaks of the 
stablished ladder polymer. The rate at which the 
ladder polymer peaks develop occurs in a similar way 
to the rate of annealing out of microvoids within 
the fibres; both occurring at an exponential rate • 
over much of the heat treatment period suggesting a 
diffusion controlled process. Measurement of the 
preferred orientation of the molecules in the fibres 
shows that unreacted polymer, after an initial increase 
in orientation, progressively loses its orientation 
despite the fibres being prevented from contracting*
The reacted ladder polymer shows a constant preferred 
orientation angle which is always greater than that of 
the unreacted polymer; that is the stabilisation reac­
tion produces a definite amount of misorientation of 
the fibres. Measurement of the line broadening of the 
x-ray arcs indicates that the size of the diffraction 
units in the reacted polymer remains the same throughout 
oxidation showing that the stabilisation reaction proceeds 
at multiple sites throughout the fibres rather than the 
growth of a few favourable regions.
During the carbonization the x-ray diffrac­
tion pattern suggests limited structural development, 
the carbon being present in the form of narrow ribbons. 
Despite the loss of considerable amounts of non carbon 
elements by gaseous evolution the wide angle x-ray measure­
ments show only a gradual improvement in the orientation 
and stacking of the carbon ribbons during pyrolysis.
This is highly significant since it means that the basis 
of the final structure is present after oxidation and 
the subsequent heat treatment plays only a secondary role.
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Chemically the limited structural influence of the 
pyrolysis means that the non carbon elements present 
after oxidation must be held within the structure in 
such a way that their subsequent exodus has only a 
marginal effect on the structure.
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CHAPTER 6 - MECHANICAL PROPERTIES OP PARTLY PYROLYSED 
 __________CARBON FIBRES___________  .
6.1 Mechanical Testing of Fibres
To obtain data about the mechanical behaviour
of the fibres prepared the following procedure was 
us ed:-
From a tow of fibres single fibres were 
teased out very carefully. These fibres were then 
glued with Durafix cement onto fibre testing cards 
(thin cards with an aperture the size of the gauge 
length in them).
After the glue had dried for at least two
days the diameter of the fibre was measured, within the
gauge length using an image shearing eyepiece.
Testing of the fibre was then carried out in 
an Instron testing machine. The thin card was placed 
so that the glued ends of the fibre' were held in the test
grips. Data of the test was then abstracted from the 
load-extension graph and processed by computer.
Although this is a standard procedure this 
method of testing has several drawbacks which should be 
discussed.
The initial mounting of fibres is selective 
because some fibres, are too weak to be withdrawn from 
the tow. This means that the weakest proportion of 
the fibres are eliminated from the testing sample which 
will give a false value to the mean strength. If
sufficient fibres were tested for mount : non-mount 
brittleness a correction factor for the average strength 
value could be estimated. However, the range of values 
of strength below the testable limit will remain un­
measured without a change in test procedure.
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The mean value of strength could also be 
affected by mechanical damage during testing. This 
could be in two ways, either lowering or raising the 
mean value. Firstly, it is very easy to create 
sufficient judder to sever the fibre during the cutting 
of the cardboard support. For the weaker fibre types 
the loss of fibres due to this operation can reach 
fifty per cent even with the utmost care.
This loss of fibres would leave only the 
strongest fibres for test giving a-falsely high mean 
value of strength. However, the juddering or ot-lier 
mechanical damage may weaken fibres resulting in low 
strength values of the tested fibres. Thus the two 
effects work in opposition and, since the relative 
proportions are unknown, the best one can hope for is 
that the two effects cancel each other out.
Another source of error arises in the measure­
ment of fibre diameter (discussed in.ref. 75)-
6.2 • Fibres Oxidised at 220°C
The values of fracture stress and Youngs
modulus Ey are plotted for increasing oxidation times 
in figure 6.1. Fracture stress shows an initial decrease 
from the precursor value but it is almost constant after 
three hours at 220°C. Young modulus shows a very 
gradual decrease with time from the precursor value.
The shape of the load-extension curve for 
all the fibres is essentially polymeric in type.
Figure 6.2. There are three stages to the curve. First 
an elastic region with stress proportional to strain, 
followed by yield and fiow in the second stage. Thirdly 
the curve shows an increasing gradient giving a tail to 
the curve just prior to fracture. With increasing 
oxidation times the third stage gradually disappeared.
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Fig. 6 .2 . Typical stress-strain curve for polymeric fibres
j
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The second stage is usually interpreted ( 101) 
as unravelling of coiled and intertwined long-chain 
molecules. When the molecules can straighten no more, 
further strain occurs hy slip between molecules. This 
requires greater stress and the stress-strain curve 
steepens accordingly (the third stage). The curtail­
ing of the intermolecular slip after oxidation means 
that the relative motion of adjacent chains has become 
hindered. This does not necessarily mean that cross- 
linking has occurred. The creation of 'ladder1 polymer 
sections along the chains would increase intermolecular 
steric hind ^ ranee and thus prevent slip between the 
chains.
^•2.1 Strength Variation with Fibre Thickness
If the oxidation process produces an oxidised 
outer layer with different proporties from the un­
reacted core then the mechanical properties of thin 
fibres might be expected to be different than those of 
thick fibre since their relative proportions of stabi­
lised to non-stabilised polymer will differ. Jones 
and Duncan have found such a variation with carbon 
fibres (58).
For fibres oxidised at 220 C no correlation 
between mechanical properties and thickness could be 
found for any heat treatment period.
This indicates that either the stabilisation 
occurs homogeneously throughout the fibre or the 
stabilised and unstablished regions are not significantly 
different in their mechanical properties.
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6.3 Variation of Strength and Modulus with Carbonizing 
Temperature_________   ■ ' •
The results of tensile test for fibres as the 
carbonization temperature is increased are shown in 
figure 6.3.
Both strength and modulus decrease as the 
heat treatment temperature is increased to 500°C.
Between 500° and 700°C strength and modulus 
start to increase but show a fluctuating change rather 
than a progressive one. This variation is similar to 
the erratic behaviour of the low-angle parameter values 
within this temperature range.
Above 700°C modulus shows a continuous rise 
to above 2200°C while strength has a peak value around 
1500°C and changes very little above 1800°C.
6.3.1 Shape of the Stress-Strain Curve
The variation in the stress-strain behaviour 
of the fibres is summarised in Figure 6.4.
For 5 hour oxidised fibre, little change occurs 
in the curve until 450°C. From 220° - 450 C
the curve is still visco elastic in nature with strength 
and modulus hardly linearly related at any stage. As 
the temperature increases the secondary flow decreases 
resulting in less elongation to fracture. Between 400°C 
and 500°C the elongation to fracture decreases rapidly 
and the curve straightens.
* .
By 600°C the curve is now a straight line 
showing a linear elastic relationship with stress 
proportional to strain; there is no plastic flow of the 
fibres prior to fracture i.e. the fibres are now brittle.
oxidation
time 0 hrs. 1 hrs. 2 hrs. 3 hrs. 4 hrs. 5 hrs.
shape of 
stress-  
stra n
curve
strain to 
fracture 16.8% 16.9% 16.5% 14.7 % 12.5% 12. 3 i
•
n
Carbonlze<
II
at 125 G / "V
400 C
V <7 11. 6%
/ r ;
450 C
A
- 6 .16% 3.53%
fibres too 
weak to 
mount. / :
500 C
2. 98%
600 q
, ' 7 .14% 1.16%
4
N
Fig. 6 .4 . Summary of Stress-Strain behaviour up to 600*C
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Above 600°C all fibres show elastic-brittle behaviour - 
as the strength and modulus increase so the elongation 
to fracture slowly decreases.
Under-oxidation of the fibres (less than 5 
hours) reduces the mechanical performance of the 
fibre. Fibres oxidised for 1 hour at 220°C become 
too weak and brittle to test after minimal carboniza­
tion. For 3 hours oxidation the fibres are weaker after 
carbonization and show a greater strain to fracture.
This is indicative of the incomplete stabilisation of 
the polymer during oxidation.
6.3.2 Variation of Strength and Modulus with Fibre 
Diameter : the sheath-core m o d e l ________
Below 400°C oxidation temperature no positive 
correlation between the mechanical properties of fibre 
and fibre diameter is apparent. For heat-treatment 
temperatures above 400°C, the strength and modulus of 
the fibres are inversely related to the fibre diameter 
(figure 6.5). A similar relationship for carbon fibres 
has been found by Duncan (58). The greatest variation 
about the mean of results is found in the strength 
figures and this is to be expected since strength is not 
an intrinsic property of the fibres, unlike modulus, 
and it is strongly dependent upon the surface condition 
of the fibres as shown by Jones & Johnson(102). For this 
reason the following derivation and discussion have 
concentrated upon the fibre modulus.
Duncan explained the diameter dependence of
the fibre modulus in terms of a core and sheath model.*
He proposed that the outer sheath of the fibre has .the 
superior mechanical properties and that the sheath 
thickness is uniform for fibres similarly heat treated.
0 .5 oo
fibre diameter ^im)
Fig. 6 .5 . Fibres Heated to 500 C, fracture stress and tensile modulus 
plotted against fibre diameter. ;
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In thin fibres the relative proportion of sheath will be
greater than thick fibres resulting in the superior
mechanical performance of thin fibres. Over a range
of fibre diameters, the mechanical performance will*
decrease as the fibre diameters increase thus reducing 
the relative proportion of sheath present.
Adopting this model it is possible to derive 
an expression relating the fibre modulus (or strength) 
to fibre radius and sheath thickness.
Sheath
/thickness, t
Core
fibre diameter, R
Suffix f = Fibre 
Suffix s = Sheath 
Suffix c = Core
6 = Stress £ = Strai:
E - Youngs A = Area 
Modulus
For fibre loaded to produce a stress 6f in 
the fibre, let the strain be £ ^
Fibre loading will be 6 <c N
This load will be shared between the sheath 
and the core.
<?f A f  *  <rc A c +• <s"s A s
Expressing stress in terms of Youngs Modulus
Ef. . Af a Ec -£c.Ac + Es £s-As,
The sheath and core are assumed to be intimately 
joined and so the strain £ is the same in both core 
and sheath.
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Dividing the last expression by we have,
H . f .  — E t . A c  +  E s • A s
Writing areas in terms of R and t. '
E_f.Tr R* * E c - t r  ( a-tf *  Es.1T (R . - (R - t ) 1')
This simplifies to
E >  = ( E c  -  E s )  (  P > - fc)  +  Es
: '
If this expression is correct then plotting Ef againstp • - ■ ■■■
(R - t) ^ 2  should give a straight line of gradient 
(Ee - Es) and intercept Es. Although the existence of 
a sheath-core structure has been identified by several 
workers (99)(97)(103)> the magnitude of the sheath 
thickness and iis possible variation with temperature 
are unknowns. Thus the correct value of t to use with 
any set of tensile results was also unknown. To over­
come this problem the results were analysed in a computer 
with t being varied between 0 and the smallest fibre 
diameter in ten equal steps.
For each value of t, the gradient, intercept 
and correlation to a straight line were calculated.
These results were then plotted out; gradient against 
t and intercept against t so that the t value for any 
value of gradient or intercept could be read.
Even though t, Ec and Es are unknown, inspec­
tion of the results of analysis are helped by the limits 
that can be set upon Ec and Es. The maximum value that 
Es could have would be the theoretical value for the basal 
plane modulus of the graphite lattice (approximately
Q  4
1,000 GN/m (108)). A more practical limit for Es, is
700 GN/m since (a) modulus of this value is found in
single crystal graphite whiskers. Accordingly the
2
value of Es was taken to be 700 GN/m ; a more pessimistic,
2
lower value of 500 GN/m was tried but this resulted in 
negative value of Ec for all fibres. Values of t which 
give Es of 700 GN/m^ are summarised in Table 6.1 and 
Graph 6.4.
TEMPERATURE t 700 GN/m2 Ec=(l+Es) Av. R d CALC, d measure* 
°C um GN/m2 A0 A0 A0
400 6.35
500 0.4 0 5.63 0
600 0.4 0 4.8 3.42 3.44
700
800
900
1000 0.8 + 29 4.3 3.41 3.48
1100 0.65 + 70 4.18 3.419 3.44
1200 0.8 + 70 4.12 3.38 3.63
1300
1400 1.034 r - 215 3.71 3.398 3.44
1500 0.9 + 80 3.35 3.399 3.39
1600 0.825 - 40 3.25 3.401 3.41
1700 0.875 + 75 3.27 3.399 3*39
1800 3.39
1900 0.9
00+ 3.5 3.407 3.41
2000 1.05 + 130 3.25 3.421 3.41
2100 3.39
2200 1.95 + 221 3.71 3.41 3.41
2300
Table 6.1
Calculated value of fibre parameters using 
the sheath-core model.
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Examining the results of this analysis the 
following points emerge.
a) The correlation to a straight line of Ef
2 2against (R - t) /R plots was very high; in most cases 
in excess of 0.9 (1.0 being a perfect fit).
This was very encouraging in the light of the 
possible errors discussed previously and points to any 
errors being systematic in nature.
b) The values of t giving Es of 700 GN/m^ 
follows a similar temperature variation to the other 
structural parameters (figure 6.4). During carboniza­
tion t slowly increases, and above 1200°Ct is practically 
constant until it begins to increase rapidly above 1900°C.
The slow increase of t up to 1400°C probably 
indicates growth resulting from pyrolysis reactions.
Once pyrolysis is complete little structural growth 
occurs (1400°C - 1900°C) until the-heat treatment tempera­
ture is sufficient to sever inter carbon bonds and permit 
structural realignments.
c) The resultant Ec values taking Es to be
700 GN/m shows a similar temperature relationship to t 
and the other structural parameters discussed previously. 
Two results at 1400°C and 1600°C have negative values of 
Ec using a Esy of 700 GN/m^. This illustrates the
sensitivity of Ec values to the choice of Es value.
(Using a lower value of Es of 500 GN/m resulted in a 
negative Ec for all temperatures). A small systematic 
error in the fibre radius measurements would displace 
the(R - t) plot and yield a negative value of Ec.
R2
In summary this model shows excellent correla­
tion between the theory and experimental results, and 
the temperature variation of sheath and core moduli are 
consistent with other structural parameters. However 
the negative values of Ec for some fibres do present some 
difficulties and merit further consideration.
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Taken quite literally a negative value of 
Ec means that applying a load reduces the strain in 
the core. This could only arise if the core has an 
initial compressive strain and this is a possible 
result of ’thermal1 expansion mismatch between the two 
phases. Layden (97) found that acrylic fibres under­
went a shrink - expansion - shrink cycle during 
oxidalative heating with the 0 - 250°C temperature range. 
Depending upon which part of this shrink - expansion 
cycle was operative when the suspective phases ■became, 
stablished either a sheath-in-tension core-in-compression 
fibre or a sheath-in-compression core-in-tension fibre 
could result. The former result would best suit the 
negative Ec value but in such a fibre the tension in 
the outer sheath would increase the fibres crack 
sensitivity and weaken the fibre. Heating above 1600°C 
would allow internal rearrangements to occur thus , 
eliminating any stress contours which would decrease 
crack sensitivity and permit higher strength. However 
above 1500°C fibre strengths do not increase, at best 
they are stationary. In fact to explain the fibre 
strength variation with temperature the opposite dis­
tribution of stresses between sheath and core is required. 
Below1500°C where strength is increasing the sheath 
needs to be in tension making it less susceptable to 
surface cracks. Above 1500°C elimination of thermal 
stress reduces the strengthening effect of a compressive 
surface and fibre strength falls.
Apart from the tensile strength variation 
failing to support the necessary compressive - tension 
model for a negative Ec, a stress differential between 
sheath and core should be observable on the fibre stress- 
strain curve.
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There should be a discontinuity in the stress-strain 
curve when the applied stress is equal to the thermal 
stress and both sheath and core begin to be loaded.
All fibres (above 600°C) show uniform elastic stress- 
strain curve with no discontinuities and therefore any 
appreciable thermal stress differences between sheath 
and core are unlikely.
There is a further point against a thermal 
stress mismatch model. A stress differential between 
sheath and core would provide a driving force to increa.se 
the preferred orientation of the compressed phase (core) 
at the expense of the tensioned phase (sheath). Thus
for temperatures above 1600°C a decrease in the modulus
of the sheath should be observed for a fixed value of 
sheath thickness (assuming modulus and preferred orienta­
tion have a direct interdependence). Experimental ‘ 
results show the reverse trend; the modulus of the 
sheath o^- -[ixeel b si we^ses oo itk. ■hs-mpeWw-e..
This indicates that if anything the sheath is in com­
pression and the core is in tension - a stress distribu­
tion suggested by the strength discussion above.
Having discredited the literal interpretation 
of a negative Ec alternative reasons for the failure 
of the sheath core model to give sensible values of Ec 
must be discussed.
A third (or further) phase in addition to the 
sheath and core is a possibility but, with the limited 
data available concerning the variation in structure 
across fibre cross-sections and the mechanical proper­
ties of such phases as*may be present, any model to des­
cribe the mechanical behaviour of the fibre would be 
even more speculative than this simple two component 
model.
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A systematic variation in the measurement 
of the fibre radius, R, would alter the value of the 
gradient and hence Ec. However, in order to avoid 
negative values of Ec the error in the measurement of 
R would have to be in excess of 50$ too small; a 
possibility highly unlikely even with the image-shearing 
eyepiece method used to measure R. If the failure 
of this model is taken to mean that a sheath - core 
structure does not exist then an alternative model 
for the mechanical behaviour, which accounts for the 
decrease in fibre modulus (and strength) with 
increasing fibre diameter, must be sought.
Any model which involves two components, and . 
the proportion of one component is independent of fibre 
diameter shows a modulus (and strength) variation with 
fibre radius but inevitably the form of the expression 
relating fibre modulus and fibre radius is similar to 
the sheath and core model. The nature of the parameter 
describing the proportion of the constant phase may 
differ from t, the depth of sheath, used here, but the 
variation of this parameter will have the same effect 
upon Ef, Ec and Es as does the variation of t. Thus 
to differentiate between such models and the sheath - 
core structure in terms of mechanical behaviour would 
be impossible. Further the sheath core model does have 
the advantage that sheath - core structures have been 
observed under the scanning electron microscope (109).
Another possibility which has been considered 
is that the modulus is dependent upon the surface area 
of the fibre. This is* akin to having a sheath of 
very small thickness (t -> 0). This gives values of 
the '.skin* modulus far in excess of the theoretical 
maximum for carbon.
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Persistent efforts to formulate an alter­
native model which does not lead to a similar relation­
ship between fibre modulus and fibre radius than that 
given by the sheath - core model have failed. While a 
completely different interpretation of the facts leading 
to a satisfactory explanation of the mechanical beha­
viour of the fibres is possible, the sheath - core model 
presented here is worthy of further consideration 
because even in its simple form it works albeit in 
a limited way.
6.3*3 Discussion of the Sheath Core Model 
Depth of sheath.
Initially the depth of sheath is small;
0.4 um of an average fibre radius of 5*63 urn at 500°C.
This represents only 14$ of the fibre volume. The only 
other evidence of sheath depth at low temperature 
results from ion beam milling of oxidised fibres 
(Chapter 3)* In that experiment the radius of the 
fibre had to be reduced from 6.50 um to 5*0 um to 
remove the meridional scattering material, suggesting 
a sheath depth of 1.5 um. If a value of Es is used 
which would give a sheath depth of 1.5 um then the 
corresponding value of core modulus Ec becomes negative. 
The difference in these values of sheath depth suggests 
that the boundary between the surface material and the 
inner core may not be a simple planer interface, rather 
the sheath may be of varying depth with fingers of well- 
orientated material extending into the core. Figure 6.7.
However, what is perhaps more significant 
is the very small fraction of each fibre which retains
its orientation after oxidation and part oxidation.
core
sheath
Fig. 6 .7 . Cross-section of fibre showing 
possible non-planar interface 
between sheath and core.
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Growth of Sheath.
The sheath material provides a. nucleation 
site on which growth occurs as pyrolysis proceeds 
resulting in greater sheath depth.
Above 1900°C sheath depth increases rapidly 
indicating that the carbon atoms are mobile and growth 
is occurring of the sheath layer. This growth of the 
well orientated sheath at the expense of the core 
material is puzzling. The widely accepted twisted 
ribbon model of the fibre structure explains the sharpen­
ing of the fibre texture and increase in the fibre 
modulus above 1900°C as the straightening of bent layer 
planes. The driving potential for this process is 
the lower energy of the straight planes, although as 
yet no one has put a figure on the magnitude of this 
driving force. Similarly, on the sheath core model 
the regularity and orientation of the sheath must 
represent a structure of lower energy than the dis­
ordered core. An alternative mechanism could be 
stress - differential between sheath and core. The 
stress-differential would be such that growth of the 
sheath would reduce the stress level i.e. sheath in 
tension and core in compression. The stretching of 
fibres above 1900°C results in a rapid improvement in 
preferred orientation (5.0) so growth of a well orientated 
phase would result under such a stress differential. 
Earlier the possibilities of such a situation have been 
discussed and discounted in the light of the result 
of tensile tests (page 95). But the tensile result 
only represents the situation at room temperature.
Above 1900°C such a stress distribution could exist 
as a result of different thermal expansions of the two
sheath and core. (The expansion of graphite in the 
: r 1 . l direction being greater than that of amor­
phous carbon). Without more specific data it is 
difficult to quantify this possibility.
Speculations on Sheath - Core Analysis
Calculation of the relative percentages of strong 
and weak phase.
Using fhe value of t obtained from the tensile 
analysis it is possible to calculate the average per­
centage of each phase present.
■■■ 2
Area of Core - ^  (R - t)^ $ Core =
tr'
Area of Sheath = r% (R^~ (R - t)^) $ Core ^2
For each batch of fibre the mean value of 
R was used.
These figures show the non - sheath (less 
orientated) core accounts for around two-thirds of 
the fibre content below 2000°C. The limited data 
suggest that this rapidly decreases for higher heat 
treat temperatures.
These figures are much higher than the % of 
amorphous carbon present in fibres calculated by 
Johnson and Tyson (42) which suggests that the weak 
phase does not entirely consist of amorphous graphite.
The next calculation is very speculative, 
but it does lead to an interesting result. Assuming 
two types of carbon predominate within the fibre; 
turbostratic carbon: d - spacing 0.344 nm 
and graphite : d - spacing 0.354 nm.
Taking the percentage of turbostratic as that of the core 
and the percentage of graphite as that of the sheath, 
an average d. spacing for the fibre may be obtained 
.e 6.1),
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The d spacing obtained in this way is 
similar to that measured by x-ray diffraction but 
the two sets of figures do show the same variation 
with heat treatment temperature especially over the 
range 1500 - 2000°C. This lends some support to a 
further exploration of this line of thought.
If the d spacing measured by the x-ray dif­
fraction is a mean of several spacings and that the 
relative proportion of each is affected by the diameter 
of each fibre, then the mean •d* spacing will depend 
upon the mean fibre diameter and the distribution of 
fibre diameters about this mean. As seen in Table
6.1 there is a reasonable correspondence between mean 
fibre diameter and the layer spacing.
The fluctuation of the layer spacing (dis­
cussed in Chapter-5) between 1600°C and 2300°C which 
was difficult to explain in x-ray diffraction terms can 
be accounted for in terms of mean fibre diameter. When 
the value of d is low the value of -mean fibre diameter 
is low. Checking the fibre preparation details shows 
that when the fibres were prepared the low layer spac- 
ings occur in batches of fibre taken from successive 
lengths of tow. Thus in these lengths of tow where 
similar distributions of fibre diameter are likely 
similar layer spacings are observed.
While being aware that the route to this 
inference that there is a link between the mean carbon 
layer spacing and fibre diameter is very speculative, 
the fact that it is able to explainthe d spacing 
fluctuation so neatly makes it worthy of consideration.
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CHAPTER 7 - GENERAL DISCUSSION AND CONCLUSIONS
The role of this chapter is to draw together 
the various evidence from this work and from the 
results published by others into a coherent picture of 
the development of the structure within carbon fibres. 
It is an attempt to piece together many different 
bits of information and in order to make the overall 
pattern clear it is necessary to limit the discussion 
of the validity of results and the detailed interpreta­
tion of these results. Such discussion will be found 
in the respective chapters on each aspect of the 
experimental work.
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7.1 Oxidation Stage
The purpose of the oxidation stages is 
primarily a chemical one; the. object is to produce 
a chemically stable fibre capable of pyrolysis at high 
temperature without undergoing adverse structural re­
arrangement and hence loss of the axial orientation 
of the polymeric/graphite chains. The temperature of 
the oxidation, 220°C, is above Tg for P.A.N. and this 
would result in a loss of the orientation of the drawn 
fibre were it not for the stabilising effect of the 
chemical processes on the tensioned fibres. Thus the 
chemical and physical processes within the fibre are 
inseparably linked from the outset. Thus any struc­
tural picture of the changes induced by oxidation must 
take into account the chemical processes operating.
Heating the fibres above the glass transition 
temperature, Tg for P.A.N. would allow the polymer chains 
to move from the highly aligned structure of the drawn 
fibre to a thermodynamically more favourable random 
orientation if the chemical reaction did not intervene. 
Such a transformation would result in the shrinkage of 
the fibres, annealing out of microvoids and a loss of 
axial orientation of the polymer chains. The cons­
traints that the stabilisation reactions place upon 
these physical changes mean that the progress of the 
stabilisation reaction should be sign-posted by the 
changes of the physical parameters of the fibre.
To prevent shrinkage of the fibres during 
oxidation they have to be wound upon a frame. Since 
restraint is necessary^ the physical processes must take 
place at a faster rate than the chemical reactions.
This is further illustrated by the rapid heating and 
quenching experiments - a very brief time at elevated 
temperature can cause physical change, even melting, 
without chemical degradation.
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Thus it may he inferred that a physical 
change such as the annealing of microvoids will proceed 
rapidly at 220°C until the chemical reactions hinder it. 
Initially, the pore can anneal out by localised rota­
tions of polymer chains. In air two chemical reactions 
occur; the P.A.N. molecule undergoes cyclisation to 
form a ladder polymer which is subsequently oxidised.
In vacuum only the cyclisation can occur and then only 
readily in the presence of co-polymer (Watt 114 ).
Consideration of the variation of microvoid size with 
oxidation time (figures 3.1 - 3*2 ) suggests the
following mechanism.
In air and vacuum the void size initially is
decreasing rapidly, then once the stabilisation process
initiates the formation of cyclised and oxidised segments
prevents bond rotations stiffening the chains and so the
rate of void closure decreases. Void closure during
stabilisation ceases when all possible reactions at
this temperature have occurred and no further bond
relation is possible. In air a larger final microvoid
size is observed because the oxidation process rapidly
attacks the outer layer s of the fibre thus locking in
larger microvoids, giving a larger mean microvoid size.
Prom the limited amount of tensile measurement made on
non oxidised fibres it is difficult to find any evidence
for oxidation producing stiffer chains i.e. greater
resistance to bond rotation. If the oxidation reaction
did cause greater steric hind 'ranee than cyclisation
alone, then cyclist ed polymer must allow some degree of
rotation. Therefore the annealing out of microvoid
within vacuum heated fibres should not reach a limit
♦
but rather continue with time. Since this is contrary 
to the observation it is unlikely that oxidation confers 
any greater stiffness to the ladder polymer chains.
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Other evidence than the microvoid size measure­
ments points to rapid oxidation of the surface layer.
The meridional scatter by low-angle x-ray diffraction 
favours the view that preferential oxidation of specific 
areas of the surface layer. As with cyclisation the 
presence of co-polymer facilitates this preferential 
attack - the co-polymer sites perhaps acting as initia­
tion sites for the oxidation. Measurements of the ratio 
of precursor polymer to stabilised polymer from com­
parison of wide angle x-ray diffraction techniques also 
indicates an initial period of rapid stabilisation. This 
should produce a rim or sheath of material with a high 
axial orientation since the outer polymer chains are 
stabilised before thermal relaxation takes place. Since 
a sheath structure may play an important role in the 
tensile behaviour of the finished fibre and it may also 
be the nucleation site for the growth of highly orientated 
graphite, seen at high heat treatment temperature (l800°C), 
the evidence for the existence of a sheath at oxidation 
temperature is important. The ion beam thinning ex­
periment carried out in the investigation of the meridional 
scattering clearly demonstrates that the structure of 
the surface layer differs from the bulk of the material. 
However ion beam thinning suggests a thickness of sheath 
greater than that indicated by tensile analysis at 500°C 
(1.5 um to 0.4 um) but this can be explained in terms 
of non planar interface between sheath and core and the 
densification of the fibre on continued heating. The 
idea of a thin well-orientated sheath draws further 
support from the variation of preferred orientation with 
time. The & value for the unstabilised polymer decreases 
with time due to thermal relaxation. The & value for
4
the (002) ’graphite1 phase (stabilised) only becomes 
measurable when the meridional scattering is starting to 
diminish; the sheath comprising insufficient material 
to show on the wide angle pattern.
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The value of & for the cyclized phase increases ini­
tially to a limit. This suggests that the high 
orientation of the sheath, while affecting the mean & 
value at the beginning, becomes masked by the poorer 
orientation of the bulk of the material. The average 
g (002) value of 22° is at all times greater than the 
& value of the precursor material showing that the 
cyclisation/oxidation reaction produces a marked dis­
orientation of the fibre, possibly by a fixed amount of 
kinking of the ladder polymer.
The ladder polymers do not stack upon each 
other to any degree. Line broadening of the x-ray 
patterns indicates an average of 2-3 layers and the 
tensile measurement shows chain stiffening but no 
interchain linkage. Tensile measurements also show 
no fibre diameter dependence, thus providing another 
indication of limited sheath development.
Summarising, oxidation produces stable ladder 
polymer sequences. These sequences are ribbon like 
in that there is little evidence of stacking of the 
ladder polymer, or crosslinking. These ribbons are 
axially orientated, although the oxidation process 
causes a degree of misorientation from the original 
drawn fibre structure. There is evidence that the 
outer layers of the fibre have a different structure 
and orientation to the bulk of the fibre.
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7.2 Pyrolysis
The stabilised fibres are converted into carbon 
fibres by heating them to elevated temperatures. The 
majority of the non-carbon elements are driven off by 
1000°C but heating to higher temperatures is necessary 
in order to develop the desired mechanical properties.
For the purposes of this discussion the pyrolysis route 
has been divided into temperature ranges. These 
divisions very roughly break down the whole process 
into four structurally significant stages.
7.2.1 Below 500°C
Little change takes place below 500°C. The 
tensile behaviour of the fibres.shows an increase in 
brittleness while modulus and strength remain steady 
pointing to the absence of crosslinking. The preferred 
orientation decreases slightly as the increased thermal 
energy means that previously unreacted precursor is able 
to overcome stearic hinderance (Watt, Johnson and Parkin, 
(110) and contribute to the end to.end linking of ladder 
sequences. These rearrangements allow further annealing 
out of microvoids. The microvoids are still of rounded 
cross-section which, with the lack of significant change 
in the wide-angle pattern, points to no development of 
the width of ladder ribbon.
7.2.2 Between 500 - 700°C
' (
Over this temperature range most of the 
structural parameters show a steady change. The W.A. 
pattern shows an increase in the Lc stacking and a
(110) reflection appears. The tensile modulus and 
strength start to increase and the tensile modulus 
becomes dependent upon fibre diameter. All these 
changes point to the growth of the ribbons in both c 
and a directions (with respect to the final carbon 
structure) especially in the outer sheath layer.
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One structural parameter which does not follow 
this pattern is the microvoid size which shows an 
overall decrease with maxima at 500°C and 700°C. The 
general decrease is consistent with annealing out of 
voids but the peaks are more difficult to explain.
This feature is discussed at length earlier (pages 48 - 50) 
but ±i essence the void maxima are the result of sideways 
movements of ribbons, necessary for cross-linking.
7.2.3 900°C
The next significant changes occur around 
900°C. The low-angle x-ray scattering revels > a change 
in the basic nature of the microvoid - changing from a 
smooth rounded pore to angular voids. The (002) 
spacing ceases to fall while the Lc stacking starts to 
increase rapidly. These point to a marked increase 
in the ordering of the (turbostratic) graphite struc­
ture. A growth of the turbostratic graphite regions 
would lead to plates of materials spreading and angular 
voids are the natural consequence of intersection of 
such plates. Preferred orientation also increases 
around this temperature and as tensile analysis reveals 
an increasing sheath thickness at this point, the prefe­
rential growth of the well oriented sheath is a possibility.
Chemically this temperature is notable for a 
peak in the evolution of nitrogen. This apparently 
is due to the loss of substitional nitrogen from the 
ladder polymer structure (113). Nitrogen is known to 
inhibit graphitisation in carbon (47 ) and so the 
disappearance of nitrogen is probably responsible for 
the improvements in the graphite structure of this 
temperature.
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7.2^4 Above 900°C
Until a temperature in excess of 1500°C is 
reached the structural feature of the fibres shows a 
steady change. The inter layer spacing of the 
*graphite• remains constant while Lc and orientator 
gradually increase. The improvements in the struc­
ture are reflected in the tensile behaviour/performance 
of the fibres increasing with temperature. Once a H.T. 
temperature of 1500°C is passed the strength of the 
fibres ceases to improve. This, it is argued (48 ), , 
is the result of activation of flaws and Griffith crack 
phenomena. There is little in the microstructure to 
confirm or dispute this view.
Around this temperature the last of the sub- 
stitional nitrogen is driven off and orientation stacking 
of the structure shows a marked improvement. If the 
preferred orientation improvement is the result of 
straightening of polymer chains across the whole fibre 
cross section the modulus ought to show a similar marked 
increase. Since,it does not one is tempted to look to 
the sheath thickness, t, from the tensile analysis and 
note a similar variation with temperature to that of 
the modulus and so conclude that the modulus of the 
fibre is controlled primarily by the thickness of the 
sheath present. However further evidence is required 
before such a claim can be substantiated, but there 
appears to be a similar lack of factual evidence to 
support the unwrinkling ribbon model.
♦
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SUMMARY OF THE MAIN CONCLUSIONS
The foregoing discussion has presented the 
overall picture of the development of microstructure 
in carbon fibres. As a coda I would like to emphasise 
the particular contribution this investigation has to 
make to the understanding of carbon fibre microstruc­
ture.
a) Meridional scatter of the low-angle x-ray diffraction.
The experimental evidence clearly demonstrates 
the existence of a long range periodicity (greater than 
10 nm) along the length of partial oxidised fibres.
The periodicity is thought to be due to selective 
oxidation and is increased by the presence of co-polymer 
in the polyacrylonitrile. This phenomenon is restricted 
to a thin sheath of material on the fibre surface.
b) Microvoids within fibres.
Using low angle x-ray scattering techniques 
the size of microvoids has been monitored throughout 
the fibre preparation. The following points have 
emerged:
(i) the decrease in microvoid size during 
oxidation behaves in a manner consistent with annealing 
out of voids in unreacted polymer. The stabilisation 
of polymer progressively hinders this process until the 
microvoid closure ceases when stabilisation is complete.
(ii) The pyrolysis of stabilised fibres causes 
an overall decrease in microvoid size as the higher 
temperatures cause shrinkage and densification of the 
fibres. However at two heat treatment temperatures,
500°C and 700°C, the microvoid size undergoes a transient 
increase.
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A mechanism for this increase in terms of sideways 
movement and linking of adjacent ladder polymer sequences 
is supported by the x-ray and tensile data, and is in 
accord with the prevalent chemical evidence and inter­
pretation. This is to be the subject of a forthcoming 
publication (113).
(iii) It has been shown that fibre micro-
o
voids are rounded below 900 C and become angular when 
heated to higher temperature. The pores develop 
angularity as the incipient graphite planes grow, as ' 
witnessed by wide angle x-ray data.
c) Sheath and core structure.
An attempt to account for the superior mechani­
cal performance of thinner fibre in terms of a sheath - 
core model has been made. The mathematical analysis 
is not entirely satisfactory but it does give some 
high correlation between theoretical and experimental 
results. In the light of this the meridional scatter­
ing evidence, and preferred crystalline orientation 
measurement there is good reason to believe that the 
surface of the fibre is different from the bulk of the 
fibre, namely in having a higher degree of orientation. 
This sheath is present during the initial stages of 
oxidation. This well orientated sheath would be a 
possible nucleation site for fibre structural improvement 
at temperatures above 1900°C.
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